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Short Abstract: 
The bisulfite genomic sequencing (BGS) protocol has gained worldwide popularity for analyzing DNA methylation. This protocol carefully describes critical steps and a modification called the Multiple Restriction Enzyme Digest Depletion step that may be used to deplete partially converted and unconverted end-products when a sequence repeatedly presents incomplete conversion.

Long Abstract: 
The bisulfite genomic sequencing (BGS) protocol has gained worldwide popularity as the method of choice to analyze DNA methylation. DNA methylation was the first epigenetic mark to be discovered in mammalian cells (1), and while many other epigenetic marks are known and even more are currently being discovered (2), the role that DNA methylation plays in the regulation of gene expression is now widely accepted.  
Bisulfite was first used to convert 5-methylcytosines to uracil in 1970 (3), but the BGS protocol used today to determine the methylation status of CpG dinucleotides in the genome was first published in 1992 (4). Sodium bisulfite and metabisulfite ions are used to convert unmethylated cytosines to uracils in three steps (Fig.1a), but this conversion can only occur in single-stranded DNA and does not affect 5-methylcytosines. The methyl group in the 5 position of the cytosine base causes 5-methylcytosines to be non-reactive to bisulfite ions. The end result following PCR amplification of bisulfite-converted DNA is that 5-methylcytosines in the original sample are read as C, whereas cytosines are read as T (Fig.1b). Optimal bisulfite conversion conditions are those that ensure that target molecules remain single-stranded throughout the chemical transformation steps. Paying particular attention to solvent molarities, pH, temperature and timing of denaturing steps is critical to the successful experiment. Unfortunately, false positives, uninformative results, or altogether failed experiments are often encountered, and this is due to three main reasons: The deamination of all unmethylated non-CpG-cytosine residues in the target sequence under investigation is not always achieved; Conditions for successful conversion are in themselves highly degradative to DNA; Frequently, the target sequence has inherent characteristics, such as unusually CG-rich regions, that make it difficult to sequence. 

This article carefully describes the key steps of the BGS protocol as well as a modification that may be used to deplete partially converted and completely unconverted end-products when a target sequence presents incomplete conversion even under highly fine-tuned conditions. This modification consists of the addition of a single step, called “Multiple Restriction Enzyme Digest Depletion” (MRED), which is designed to differentially digest the polymerase chain reaction (PCR) products amplified from unconverted DNA, while leaving those of converted DNA intact. BGS-MRED can increase informative sequencings 10-fold without changing the clonal representation of alleles (5). 

The aim of this article is to make learning and usage of BGS easier, faster, more efficient and standardized for all users. 
Protocol Text 

STEP 1. Prepare the DNA for alkaline denaturation and bisulfite conversion. 

1.1) Extract the DNA from the sample using a standard technique appropriate for the sample type, such as the phenol-chloroform technique (6) followed by Proteinase K treatment to ensure that all nuclear proteins have been removed. 

1.2) Digest 1 to 5 µg DNA with a suitable restriction enzyme such as PstI, BamHI or other frequent cutter according to the supplier's protocol in order to randomly fragment the DNA into smaller, more manageable sizes. This is an important step that reduces the possibility of double-strandedness, which prevents conversion. 

Notes: (a) Using more DNA (e.g. up to 5 µg) is better as the highly oxidative conditions of the bisulfite conversion reaction have high rates of DNA degradation. (b) Use care to ensure that the restriction enzyme chosen does not have a restriction site in the sequence of interest.

1.3) Clean-up and re-concentrate the DNA using a DNA purification column, such as those provided in the QuickClean 5M PCR Purification Kit (GenScript) and elute in 60 μl 2 mM Tris, pH 8.5. Use 1-2 µl to evaluate the concentration of starting material by standard spectrophotometry or nanodrop before proceeding to bisulfite conversion. Store DNA at -20 to +4°C for further use. 

Note: While distilled water may be used, we have found that using a common DNA solvent such as 2 mM Tris, pH 8.5 gives more consistent results. This may be explained by the fact that de-ionized or distilled water can vary in pH.
1.4) Before beginning the BGS protocol, ensure that all required reagents are on hand, including 3N NaOH, freshly prepared 3.6 M sodium bisulfite, pH 5.0, and 10 mM hydroquinone.

1.4.1) To make 3N NaOH, weigh out 6.67 g NaOH pellets and dissolve in 50 ml water.
Note: NaOH solutions are stable at room temperature indefinitely.
1.4.2) To make 3.6 M sodium bisulfite, pH 5.0, weigh out 7.49 g sodium bisulfite in 15 ml water and mix for 10 minutes on a nutator. Then adjust the acidity to pH 5.0 using about 12 to 13 drops or so of 10 N NaOH. Use a long glass pipette to slowly add the 10 N NaOH. Remove potential contaminants by passing the sodium bisulfite solution through a .22 micron syringe-driven filter.
Note: Sodium bisulfite solutions should always be freshly prepared.

1.4.3) To make 10 mM hydroquinone, weigh out 22 mg hydroquinone in 10 ml water, and invert until dissolved. Remove possible contaminants by passing the hydroquinone solution through a .22 micron pore filter. 

Note: Hydroquinone solutions may be preserved in 1 ml aliquots in foil-wrapped microcentrifuge tubes at -20˚C for up to 2 months. 
1.5) Add 1 ml hydroquinone to 15 ml sodium bisulfite and adjust to 20 ml total with distilled water. This solution may be stored at 4°C for up to 2 days in a foil-wrapped 50 ml polypropylene tube. 

STEP 2. Denature the DNA using NaOH and heat

2.1) Proceed by denaturing 54 μl of the digested DNA with 6 μl of 3 N NaOH at 37°C for 15 min (for a final concentration of 0.3 N NaOH). Place sample on ice immediately following denaturation if the next step, STEP 3, is not performed immediately.
Note: Ensure that the volume of 3N NaOH added is 1/10th the final volume. 

STEP 3. Convert the DNA using bisulfite
3.1. Sulfonate unmethylated cytosines in ssDNA

3.1.1) Add 430 μl of the freshly prepared sodium bisulfite-hydroquinone solution to 1 to 5 ug of the digested DNA from step 1.3. and carefully mix 5 to 10 times by inversion for minimal aeration. 

3.1.2) Transfer the mix to 3 microcentrifuge tubes, 200 μl capacity. 

Note: If you are planning on sequencing a sample several times, to assess the various copies present for example, it is necessary to use several tubes per sample to ensure that sequencings are not derived from a same template molecule in the PCR amplification step. 

3.1.3) Incubate in a thermal cycler using the following program: 1 cycle at 95°C for 3 minutes; 1 cycle at 55°C for 8 hours; 1 cycle at 95°C for 3 minutes; and 1 cycle at 55°C for 2 hours. Store at +4°C. Using a thermal cycler rather than a water-bath saves time, lowers the risk of contamination, and ensures that reactions will be kept in the dark without any hassles. Incubations at 95°C ensure single-strandedness.

Note: It is not necessary to cover the solutions with mineral oil as there is very little aeration in 200 µl capacity PCR tubes. However, overlaying solutions with a drop of mineral oil is highly recommended when conversions are performed in 1.5 ml capacity microcentrifuge tubes using other types of incubators such as waterbaths.

3.1.4) Desalt the DNA using DNA purification columns such as those from GenScript used before in step 1.3. 

3.1.5) Elute the DNA using 60 μl 2 mM Tris pH 8.0 to 8.5 as before.

3.2. Deaminate cytosine-6-sulfonates to uracil-6-sulfonates: 

3.2.1) Add 6 μl 3N NaOH to 54 ul bisulfite-treated DNA from the previous step and incubate for 15 min at 37°C. Immediately place tube on ice. 

Note: Ensure that the volume of 3N NaOH is exactly 1/10th the final volume. 

3.3 Desulfonate uracil-6-sulfonates to uracils. 

3.3.1) Precipitate and desulfonate DNA simultaneously with 26 μl of 10 M sodium acetate, pH 7.8 and 500 μl 95% ice cold ethanol, using 2 μl glycogen (1 µg/µl) as a carrier. Place tube in an ice-water bath for 10 minutes or at -20°C for 1 hour or more.
3.3.2) Spin the DNA in a benchtop centrifuge at 13,000xg for 30 minutes at 4°C. 

3.3.3) Wash the precipitate with 200 μl 70% ice-cold ethanol and spin at 13,000xg for 5 minutes at 4°C and air-dry. Ensure that all traces of ethanol have completely evaporated.

3.3.4) Resuspend the bisulfite-converted DNA in enough TE, pH 8.0 to make a final concentration of 25 ng/µl, ideal for subsequent PCR amplification steps.
Note: Calculate the volume of TE, pH 8.0 required based on the starting amount of pre-digested DNA used for bisulfite conversion (see step 1.3). 
3.3.5) Make multiple aliquots to prevent too many freeze-thaw cycles. Store aliquots at -20 to -80°C for up to 6 months.

STEP 4. PCR amplify the bisulfite-converted DNA:

4.1) Design primers to the bisulfite-converted DNA sequence such that each primer is 25 to 30 bases long, has a melting temperature (Tm) of approximately 60°C, and importantly, does not hybridize to any CpG-cytosines. Aim for an amplicon length of no more than 500 bp with as few bases in your primers hybridizing to non-CpG-cytosines in the target sequence as possible. Softwares such as MethPrimer (7) work well for most sequences.

Note: Re-amplifying a smaller region within the first amplicon using nested primers is a trick often used to overcome poor amplification due to the highly oxidative conditions of BGS. However, it has recently been suggested that detection of non-CpG methylation may be impaired by two rounds of PCR (8).

4.2) Optimize PCR conditions, including annealing temperature and extension time using a gradient thermal cycler. Recommended PCR conditions:  1 cycle at 95°C for 5 min; 35 cycles at: 94°C for 1 minute; the target annealing temperature (Ta) for 2.5 minutes, 72°C for 1 minute; and finally 1 cycle at 72°C for 5 minutes. 
Note: Ensure that temperatures 1 to 5 degrees below and 1 to 5 degrees above the Ta are tested in a gradient thermal cycler in order to determine the temperature at which a single, specific PCR product is amplified.

4.3) Load a fraction of your PCR amplification onto an agarose gel of adequate concentration (i.e. use a 1.5% agarose gel for products between 200 and 500 bp), allow electrophoretic migration and view using standard viewing methods. If the amplified product is of the correct molecular weight and free of non-specific by-products, proceed to traditional cloning and sequencing, pyrosequencing, or other paired application. 

4.3.1) Determine the total number of non-CpG-Cs in the target sequence and set a successful conversion threshold. For example, a threshold of 98% conversion in a sequence containing 50 non-CpG-cytosines must have 49 of its non-CpG-C converted to T in the PCR product for the data from that sample to be included in analyses. 
4.3.2) Decide if the depletion step is necessary. If the sequencing repeatedly presents incomplete conversion, proceed to STEP 5 to deplete partially converted and completely unconverted PCR products and to determine the status and/or the level of CpG-C methylation. 

Note: This step may be used on DNA derived from any type of sample (e.g. cultured cell, tissue sample, etc.), since MRED is conducted on the PCR products, not the DNA.

STEP 5. Deplete partially converted and completely unconverted DNA-derived PCR products using Multiple Restriction Enzyme Digest Depletion (MRED).

5.1) Paste the sequence of interest to be amplified in a Microsoft Word document or other similar software. Save this first document using a name containing the term  “Unconverted”, to distinguish it from the next document to be created from it in step 3.2.

5.2) Use the Find and Replace tool or a similar one to replace all CpGs with boldface CpGs, then replace all regular Cs (not boldface, not within CpG dinucleotides) with Ts. Save this second document as “Converted Gene Name”. 

Explanation: This will replace all Cs not contained within CpG dinucleotides with thymidines, and in this manner, the first document will contain your unconverted (original) sequence, but the second document will contain the desired sequence of your fully-converted end-product following optimal bisulfite treatment. 

5.3) Enter the sequences into NEBcutter V.2
(9; http://tools.neb.com/NEBcutter2/index.php) and create restriction enzyme    

maps and lists for both of them. 

5.4) Using these lists, select potential restriction enzymes for MRED using the criteria and guidelines listed in Table 1.

5.5) Digest the PCR product with the chosen restriction enzymes as per the supplier's directives.

5.6) Precipitate and resuspend the gel-extracted products in TE buffer pH8.0 and separate digested from undigested products using agarose gel electrophoresis and gel extract the full-length (fully-converted) products using gel extraction.

5.7) Excise products using a new scalpel blade and extract using the SephaglasTM BandPrep Kit. 

5.8) The remaining PCR product can be sequenced directly, subcloned and then sequenced, or used for other paired applications such as pyrosequencing (Fig. 3) for instance. 

Representative Results:

A representative outcome includes the conversion of 99% of all non-CpG-cytosines and therefore the complete absence of signal at control cytosines in a sequence, such as in a pyrosequencing (Fig. 3, highlighted in pink).
Discussion: I AM HERE EXPECTING REF 10 NEXT.
The three main problems users of the BGS protocol run into are incomplete conversion, degradation of modified DNA and sub-optimal PCR amplification. 

Incomplete conversion. Incomplete conversion arises mainly due to inadequate solution alkalinization at steps 2.1 and 3.2.1, thereby preventing conversion due to the presence of double stranded regions in the target DNA molecules at step 2.1 or due to sub-optimal desulphonation at step 3.2.1. This challenge can most often be resolved by measuring the pH directly or by adding one mock sample for this purpose. A less frequent cause for incomplete conversion is insufficient incubation at 55°C or lack of a melting step at 95°C at step 3.1.3. We find it necessary to allow the reaction to proceed for a minimum of 6-8 hours and to melt the DNA prior to the last 2-3 hours of the reaction. 

We have found MRED to be of particular use in a few exceptional instances, where the target mammalian molecule under investigation fails to meet the conversion threshold, which we usually set at 99% (99/100 cytosines are converted to thymidines or data is excluded from analyses), even when the reaction is spiked with control plasmid DNA that results in successful conversion. MRED is designed to differentially digest PCR products amplified from less than fully converted DNA, while leaving those of fully converted DNA intact, and, in our hands, BGS-MRED increases informative sequencings 10-fold without changing the clonal representation of existing alleles (5 and Pappas, JJ, unpublished results). There is one important limitation to the use of MRED however, it is the possibility of CpG-hydroxymethylation (10), a modification gaining increased attention but not yet fully understood. In the event that the DNA sample of interest is subject to hydroxymethylation, MRED can be used to ascertain the level of CpG-cytosine-specific methylation among hydroxymethylated molecules, and other techniques, such as high sensitivity 5-hydroxymethylcytosine detection (11), can be used independently to assess hydroxymethylation levels.  

Degradation of modified DNA. Degradation of the modified end-product results in low yield and cannot be overcome unless more starting material is used. Bisulfite conversion reaction conditions are very harsh, causing depurination and degradation of 75%-90% of the DNA being modified. We have found it necessary to start with at least 4 ug of genomic DNA when possible, or to spike the starting material with 5 ug of salmon sperm DNA or tRNA when not, in order to buffer the depurinating conditons mentioned above. 

Sub-optimal PCR amplification. Suboptimal PCR results, including lack of signal, poor signal or poor signal-to-noise ratio, are often encountered following a single bisulfite DNA PCR experiment. This is most often due to insufficient yield (i.e. low modified target concentration) and/or many other homologous modified products exist in solution along with it. A practical way to get around this problem is to use a fraction (e.g. 1/50th) of the first PCR product reaction volume to amplify a smaller region within the first amplicon using nested or semi-nested primers, however, this may not always lead to the desired outcome. In fact, it has been shown that detection of non-CpG methylation may even be impaired by two rounds of PCR (8). Lack of signal even after a second round of PCR suggests complete degradation of starting material while a smear of non-specific products suggests sub-optimal primer design. Designing longer primers (up to 35-40 bp) or designing different primers (i.e. to another stretch of DNA within the target region) can often overcome this challenge.

The BGS protocol is a powerful protocol that has gained worldwide popularity for analyzing DNA methylation. It can be used alone, in clonal bisulfite sequencing (4) and direct bisulfite sequencing (12), or it can be matched with many other techniques, including methylation-specific PCR (13), pyrosequencing (14), HRM (15), MS-snuPE (16), EpiTYPER MassARRAY (17) and Illumina Methylation based arrays (18). Particular care must therefore be used to ensure efficient conversion. 
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Figure Legends

Fig. 1 (A). The chemistry of the Bisulfite Genomic Sequencing protocol. Bisulfite conversion consists of three sequential chemical reactions: 1. cytosine → cytosine-6-sulfonate; 2. cytosine-6-sulfonate → uracil-6-sulfonate; and 3. uracil-6-sulfonate → uracil. The methyl group in the 5 position of the cytosine base causes 5-methylcytosines to be non-reactive to bisulfite ions and these therefore remain unchanged. (B) Schematic representation of Bisulfite Genomic Sequencing conversion. Note that only one CG-cytosine is methylated (red) whereas the other CG-cytosine and the two non-CG-cytosines are not (green). Following PCR amplification, 5-methylcytosines in the original DNA sample are read as C, whereas cytosines are read as T. Boldface: CpG dinucleotides.

Fig. 2. Workflow of the Bisulfite Genomic Sequencing protocol and Multiple Restriction Enzyme Digest (MRED) step. MRED is used to deplete PCR products derived from partially converted and fully-unconverted DNA target molecules. Black lines represent PCR products derived from fully-converted DNA target molecules, whereas lines of various shades of gray represent a spectrum of conversion from 0 to <100% conversion. Discontinuous lines represent digested products.

Fig. 3. Example of a fully-converted DNA sequence following bisulfite-pyrosequencing. This example shows that for this particular locus (within the mouse mdr1b promoter region), the percentage of methylated CpG-cytosines is 5%. 
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