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[bookmark: _y09ymoi0q99u]ii	Abstract
Chromatin accessibility has been an immensely powerful metric for identifying and understanding regulatory elements in the genome. Many important regulatory elements, such as enhancers and transcriptional start sites, are characterized by ‘open’ or nucleosome-free regions. Understanding the areas of the genome that are not considered open chromatin has been more difficult. Protect-seq is a genomics technique that aims to identify inaccessible chromatin associated with the nuclear periphery. These regions are enriched for histone modifications associated with transcriptional repression and correlate with loci identified by other techniques measuring heterochromatin and peripheral localization. Here, we discuss the protocol and best practices to perform Protect-seq. 
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[bookmark: _fjbskxjqwh14]1	Introduction
Mammalian genomes are highly organized inside the nucleus. Accessible chromatin regions are often nucleosome-free (‘open chromatin’) and have a strong correlation with regulatory elements such as active promoters and enhancers [1]. Almost all genomics techniques which probe chromatin structure rely on enzyme accessibility. Conversely, very few genomics techniques are designed to measure the inaccessible and/or heterochromatic regions of the genome [2–5] and some that do require complex genome editing [6]. Thus, there is a need for more genomics techniques to probe specific genome structures, especially the inactive genome.  

Protect-seq aims to measure the inaccessible chromatin by degrading accessible chromatin with saturating levels of nucleases for excessive time periods (Figure 1A) [4]. Techniques to measure open chromatin, such as MNase-seq [7], DNase-seq [8], ATAC-seq [9], digest the genome for short periods of time (<15 mins). In contrast, Protect-seq uses a higher concentration of enzyme, and a longer digestion time (>60 min). After allowing nucleases to overdigest nuclei in HCT116, the remaining DNA is enriched at the nuclear periphery in DAPI dense foci (Figure 1B). Importantly, the nuclei are still intact at this stage, making Protect-seq amenable to single-cell sequencing. Interestingly, in HCT116 cells, Protect-seq identifies two types of domains: strong and weak domains, which correspond to H3K9me3-HP1 and H3K27me3 chromatin domains, respectively. Taken together, Protect-seq is a simple, reliable, and robust technique to identify chromatin that is either resistant to nuclease and/or tethered to a nuclear body and is thus insoluble.

In this chapter, we describe a simplified Protect-seq protocol and the necessary experimental considerations and quality controls measures. 
[bookmark: _sroeemvbyf94]2	Materials
Protect-seq uses standard laboratory reagents. Lysis buffer can be prepared ahead of time and stored at 4°C. The original published protocol did not perform the nuclease digestion in the lysis buffer. The detergent in the lysis buffer is helpful at preventing cell clumping and does not interfere with enzyme activity (see Note 1). 
[bookmark: _pk070ncjm3yu]2.1	Buffers and Reagents
1. 37% Formaldehyde (Fisher cat# BP531-25)
2. Glycine (2.5M stock) (Sigma cat# G8898-1KG)
3. IGEPAL CA-630 detergent (MP, Cat# 198596)
4. Lysis Buffer
10mM	Tris-HCl pH 8.0
10mM	NaCl
0.2%	Igepal CA-630 (NP40)
5. Stop Buffer
1X	NEB2 (NEB#B7002S)
5mM	EDTA
5mM	EGTA
6. DNaseI (NEB Cat#M0303)
7. Micrococcal Nuclease (NEB Cat#M0247S)
8. RNaseA 20mg/ml (Invitrogen Cat#12091021)
9. Low TE
10mM	Tris-HCl pH 8.0
0.1mM	EDTA
[bookmark: _nz72kskl3usu]2.2	DNA purification, library building, and quality control
1. 200µl PCR tube
2. 96-well qPCR plate and seal
3. NEB Monarch DNA cleanup kit (NEB T1030) 
4. NEBNext UltraII DNA library prep kit for Illumina (NEB Cat#E7645)
5. NEBNext Library Quant Kit for Illumina (NEB Cat#E7630)
6. AMPure XP beads (Beckman Cat#A63881)
7. Qubit 4 Fluorometer (Ref#Q33226) or equivalent
8. Qubit assay tubes (Ref#Q32856)
9. Qubit dsDNA High-Sensitivity Assay Kit (Ref#Q32854)
10. qPCR machine (Thermo StepOne, BioRad CFX or equivalent)
[bookmark: _ma6qn94jjpkn]2.3	Microscopy
DAPI staining is a useful control to determine the localization of the remaining (or protected) chromatin (optional). 
1. ProLong Gold antifade reagent with DAPI (Ref# P36931)
2. Microscope (equipped with the DAPI excitation and emissions filters) 
[bookmark: _ueeqf6iffe8]2.4	General Material and Equipment
1. Eppendorf DNA LoBind tube 1.5ml, (Cat# 022431021)
2. Tabletop centrifuge
3. Thermal cycler
4. Thermomixer
5. Nuclease-free water
[bookmark: _rwsf6rrys5oy]3 	Methods
Protect-seq is robust and reliable in HCT116 cells which can be used as a positive control (see Note 2). The original published protocol performed two rounds of nuclease digestion with a wash step in between in NEB#2 [4]. In this streamlined protocol version, we perform one round of nuclease digestion carried out in Lysis Buffer with the addition of MgCl2 and CaCl2. In HCT116 cells, the two protocols yield nearly identical results. Carry out all procedures at room temperature unless otherwise specified. 
[bookmark: _t2iuq1l9vdzm]3.1	Cell Culture and Crosslinking 
1. HCT116 cells were cultured in McCoy5A media supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO2. Once cells reach 75% confluency, trypsinize and wash twice with 1X Phosphate Buffered Saline (PBS) and stored at -80C. Note: these conditions will vary depending on the cell type.
2. Resuspend 1-5M cells in 500μl in 1% formaldehyde (see Note 3 on additional crosslinkers)
3. Rotate for 10 min
4. Add 25μl 2.5M Glycine (final conc. 0.125M Glycine) to quench the reaction
5. Rotate for 5 min
6. Incubate on ice, 15 min
7. Spin at 1000xg, 5 min
8. Wash twice with 1mL PBS (1X).
[bookmark: _om97ezw4bldr]3.2	Nuclei Purification
Keeping nuclei in single-cell suspension is important to ensure all nuclei are permeable to the nucleases. Note: in some scenarios 1% Triton-X 100 after SDS can induce clumping, in which case 0.1% Triton-X 100 should alleviate issues. 

1. Resuspend 1-5M cells in 200µl cold lysis buffer.
a. Add 2μl of protease (100X) inhibitor cocktail 
2. Incubate on ice for 15 min
3. Add 2µL 10% SDS (final conc. 0.1% SDS)
4. Incubate 10 min, 65℃, put on ice
5. Add 20µL 10% Triton-X 100 (final conc. 1%)
a. Optional incubation at 37℃ 15 min
6. Save input aliquots (non-digested sample)
a. ~4.4µL	Microscopy/DAPI stain 
b. ~4.4µl	NGS input (2%)
3.3	Nuclease Digestion
The nuclease digestion leads to complete genome fragmentation as shown in Figure 1C. The addition of MgCl2 and CaCl2 can induce cell clumping and potentially lead to block enzyme permeability, for this reason we do not rotate the cells, rather leave them on the benchtop. The issue of cell clumping is further discussed in Note 1. 

1. Add 2.5mM MgCl2 and 2mM CaCl2
0.55µL	1M MgCl2
4.5µL	100mM CaCl2
2. Add 5µl DNaseI and 5µl MNase
3. Incubate 1hr 
4. Add 2µL RNaseA 
5. Incubate at 37℃ 30 min
6. Spin at 2000xg 5 min
7. Wash with 400µL Lysis Buffer 
8. Spin at 2000xg, 5 min
9. Repeat wash x2
10. Resuspend 100µL Stop Buffer
11. Save aliquot (~4µL) of nuclei for a DAPI stain (digested sample) (example shown in Figure 1B) (see Note 4).
3.4	Reverse Crosslinking and DNA Purification
1. Add 20µl Proteinase K and 10µl 10% SDS.
2. Incubate at 65℃ on ThermoMixer overnight (shaking optional).
3. Purify DNA using NEB Monarch DNA cleanup kit or equivalent using manufacturer’s instructions
4. Quantify DNA for NGS Library Prep using Qubit.
a. No sonication necessary
[bookmark: _2ylrcgkou2mo]3.5	NGS Library Preparation
NGS libraries are constructed using NEBNext UltraII DNA library kit following the manufacturer's protocol. We typically use 200ng for library construction (ranging from 1ng - 1mg). NGS libraries have also been generated using individual enzymes for end repair, dA-tailing, and adapter ligation opposed to a commercial kit. 

1. Add End Repair and dA-tailing enzymes
7µl 	NEBNext UltraII End Prep Reaction Buffer (E7647AA)
3µl 	NEBNext UltraII End Prep Enzyme Mix (E7646AA)
50µl 	Purified DNA fragments
2. Incubate 30 min at RT
3. Incubate 30 min at 65°C
4. Add Ligation Enzymes
60µl 	End Repair/dA-tailed DNA fragments
2.5µl 	NEB loop adapter 
30µl	Ligation Master Mix
1µl 	Ligation enhancer
5. Incubate 1hr (see Note 5)
6. Add 3µl USER
a. Note this step is specific to NEB loop adapters  
7. Incubate 30 min at 37°C 
8. Cleanup DNA fragments and remove unligated adapter with 0.9X AMPure
9. Resuspend in 15µl low-TE
10. Setup PCR reaction 
15µl 	Resuspended DNA 
5µl 	Universal F primer
5µl 	Index R primer
25µl 	Q5 Master mix (2X) 
11. PCR amplify library to add index barcodes
98°C for 30s
5 Cycles of:
98°C for 10s
65°C for 75s
65°C for 5 min
Hold at 4°C 

12. Clean up PCR product with 0.9X AMPure or equivalent following manufacturer’s instructions.
13. Measure DNA by Qubit
14. Store DNA library at -20°C (long-term) or 4°C (short-term).
[bookmark: _bp6zet99p02a]3.7	NGS Library Quantification and Quality Control
Before NGS libraries are sequenced, we perform three quality controls. 

1. Examination of library fragment size distribution. Gel electrophoresis and/or Bioanalyzer are suitable for approximating fragment length. On average, our fragments are 50-200bp as shown in Figure 1D. 
2. Estimation of effective library concentration for optimal cluster density. Following the manufacturer's instructions, we use NEBNext Library Quant Kit for Illumina which includes P5/P7 primers for amplification and DNA standards for quantitative PCR (qPCR). 
3. Compare control (non-digested) and treatment (digested) nuclei using DAPI staining. In HCT116 cells, the treatment (or digested) sample consistently results in DAPI dense foci around the nuclear periphery whereas the input will have signal throughout the nucleus as shown in Figure 1B from [4].
[bookmark: _j0bia8cv4khv]3.8	Sequencing and Expected Results
The above protocol is designed to generate sequencing libraries for Illumina. This version of the Protect-seq protocol results in small DNA fragments (<200 bp) after nuclease digestion. Therefore, we recommend the use of paired-end 2 x 50 bp or 2 x 75 bp sequencing kits. After sequencing, paired-end reads are mapped to the reference genome. We do not apply a MAPQ threshold because Protect-seq is enriched at transposable and repetitive elements and enriched evenly across the centromeres. Signal tracks can be represented as either fold-change or log2ratio using MACS2 [10] or deeptools [11] as shown in Figure 1E. Thus far, Protect-seq is strongly correlated with constitutive heterochromatin. Therefore, we typically compare Protect-seq with other genomics techniques, such as ChIP-seq for H3K27me3 and H3K9me3 when available. In addition, examining Protect-seq signal across chromosome 19 in humans can be a good positive control as it contains conserved heterochromatin domains over zinc-finger repeats [12].  
[bookmark: _3w8u89hxy8c]4 	Notes
1. In human cell lines, we found quite a high degree of variability in nuclei extractions with some cell lines tending to strongly clump while others less so. Therefore, nuclei extraction protocols may need to be optimized depending on the cell line of interest. The MgCl2 and CaCl2 can also be lowered if needed. 
2. Protect-seq was developed using HCT116 and has been the most consistent in HCT116. Expanding and interpreting Protect-seq data on cell lines with few and/or small heterochromatin domains (i.e. stem cells and blood lineages) has been less successful. One potential improvement may be the addition of high salt washes after digestion to remove soluble chromatin [13–16].  
3. Protect-seq is compatible with other types of crosslinkers such as disuccinimidyl glutarate (DSG) and ethylene glycol bis(succinimidyl succinate) (EGS). Below is an example of a double crosslinker protocol with formaldehyde (FA). Prepare a 300mM stock DSG or EGS (dissolve DSG or EGS powder in DMSO). After FA crosslinking (step 8 in section 3.1), cell pellets are resuspended in 5mL PBS. Add 50µl 300mM DSG/EGS (3mM final conc.). Rotate 40 mins at room temperature. Quench the reaction with 962µl 2.5M Glycine (0.4M final conc.). Rotate for 5 mins, spin 15 mins at x2000g, wash double crosslinked cell pellets with PBS + 0.05% BSA, spin at 4°C x2000g 15 mins, remove supernatant completely. For long-term storage, snap freeze dry pellets in liquid nitrogen and store at -80°C.
4. This aliquot volume might need to be adjusted depending on the nuclei concentration. 
5. Ligation times can range from 30 min to 4 hr. 
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Figure 1. Overview of Protect-seq in HCT116 cells. (A) Cartoon schematic of Protect-seq. Chromatin in grey/black and nucleases depicted in red scissors. (B) Microscopy images of untreated (non-digested) and treated (digested) nuclei stained with DAPI. Reproduced from Spracklin and Pradhan, Protect-seq: genome-wide profiling of nuclease inaccessible domains reveals physical properties of chromatin, Nucleic Acids Research, 2020, Volume 48, Issue 3, e16, by permission from Oxford University Press. (C) Gel electrophoresis image of a typical Protect-seq experiment. Lane 1 is a 2-log DNA Ladder (NEB#N3200S). Lane 2 is empty. Lane 3 is undigested genomic DNA. Lane 4 is nuclei digested with DNase only. Lane 5 is nuclei digested with MNase only. Lane 6 is nuclei digested with both DNase I and MNase (Protect-seq method). (D) Bioanalyer trace of a typical experiment after DNA purification and NGS library preparation. Note: NEB adapters are around 120 nucleotides. LM: lower marker, UM: upper marker are internal standards. (E) Genome browser of example region (chr8: 60-75M) of Protect-seq and DNaseI-seq, representing inaccessible and accessible chromatin, respectively. Protect-seq signal track (GSE135580) is represented as log2ratio (treatment/input) and DNaseI-seq signal track is reprocessed from ENCODE (ENCSR000ENM) and represented as reads per genomic coverage.



