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Preface

There has been amarked proliferation in the number of techniques avail-
ablefor studying methylation, and the field promisesto be remarkably vibrant
over the next decade. DNA Methylation Protocols covers the new and excit-
ing techniques currently available in the analysis of DNA methylation and
methylases. The techniques presented in this book should provide the re-
searcher with most of the tools necessary for studying methylation at the glo-
bal level and at the level of the sequence. In particular, techniques useful for
identifying genes that might be aberrantly methylated in cancer and aging are
well-represented. The book is not intended to be an exhaustive account of all
the techniques available, but does cover most of the recent substantive break-
throughs in methodol ogy.

Ken I. Mills, PhD
Bernard H. Ramsahoye, MD, PhD
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1

Overview

Ken I. Mills and Bernard H. Ramsahoye

In the last decade great strides have been made in understanding the
molecular biology of the cell. The entire sequence of the human genome,
and the entire genomes of a number of other organisms and microorganisms,
are now available to researchers on the World Wide Web. As we enter the
postgenome era, research efforts will increasingly focus on the mechanisms
that control the expression of genes and the interactions between proteins
encoded by the genomic DNA. Most of what we know about DNA methylation
in mammalsindicatesthat it islikely to be part of a system affecting chromatin
structure and transcriptional control. As such, mammalian DNA methylation
has traditionally attracted intense research interest from scientists in the fields
of Development and Cancer biology. The recent discovery that two human
diseases, |CF syndrome (1) (Immunodeficiency, Centromeric region instability,
Facial abnormalities) and Rett syndrome (2), a form of X-linked mental
retardation, are caused by mutations in genes coding for a methyltransferase
and amethyl-CpG binding protein, respectively, has broadened and intensified
interest further. This book has been compiled in the hopethat it will be auseful
technical manual for those in the field of DNA methylation. What followsis a
brief review of key facts and developmentsin the field in the hope that, for the
uninitiated, thiswill help to set the technical chaptersin context.

The DNA of most organisms is modified by the postsynthetic addition of a
methy! group to carbon 5 of the cytosine ring. Although in prokaryotes other
forms of methylation also exist (cytosine-N4, adenine-N6), DNA methylation
in mammals is restricted to cytosine-5 and occurs amost exclusively within
the dinucleotide sequence CpG. In mammalian DNA approx 80% of all CpG
dinucleotides are methylated and the overall frequency of CpG is five times
lower than expected given the frequencies of cytosine and guanine. The reason

From: Methods in Molecular Biology, vol. 200: DNA Methylation Protocols
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2 Mills and Ramsahoye

for this is thought to be the continued spontaneous hydrolytic deamination
of 5-methylcytosine (at CpG) to thymine over the course of evolution. The
regions of the genome that have been spared this deamination are those that
are not ordinarily methylated. These regions are known as CpG islands and
correspond with the promoter regions of more than half of all genes. Hydrolytic
deamination of 5-methylcytosine to thymine continues to have an impact
on cell biology and is of particular relevance in carcinogenesis. Indeed,
5-methylcytosine to thymine transitions are by far the most common form of
mutation seen in cancer, accounting for at least 30% of the mutations described
in the p53 gene (3).

There has been a rapid expansion in the number of enzymes known to
catalyze (or likely to catalyze) the cytosine-5 methylation reaction (the DNA
cytosine-5 methyltransferase). The first mammalian methyltransferase to be
described isnow known as DNA methyltransferase 1 (Dnmt1) (4). Thisenzyme
is most probably responsible for maintaining the methylation states of sites
through cell division. Dnmt1 is thought to be part of the replication machinery,
being tethered to Proliferation Cell Nuclear Antigen (PCNA) through its
N terminus (5). It is the affinity of Dnmtl for hemi-methylated DNA and
the ability of Dnmt1 to restore full methylation to the hemi-methylated sitesthat
arises as aresult from semi-conservative replication, that ensures that methyla-
tion patterns are maintained once established. Dnmt2, a putative cytosine-5
methyltransferase based on sequence homology with other cytosine-5 methyl-
transferases, has not yet been shown to be active in vitro or in vivo (6). The
more recently discovered and related enzymes Dnmt3aand Dnmt3b, are highly
expressed in embryonic cells and have de novo methyltransferase rather than
mai ntenance methyltransferase activity (7). That is to say, these enzymes are
ableto establish methylation on one or both strands at sitesthat were previously
completely unmethylated. The Dnmt3aand Dnmt3b enzymes are magjor players
in restoring methylation levels in the post-implantation embryo after global
pre-implantation demethylation (1).

Aswell as hastening the discovery of the methyltransferases, the sequencing
effort has also accelerated the discovery of proteins that bind to methylated
DNA. Since the first papers demonstrating methyl-CpG binding activity
(MeCP) in nuclear extracts (8,9) it is now known that this activity (known
as MeCP1) may result from the binding of different proteinsin different cell
types. Thefirst of the methyl-CpG binding proteins to be characterized, methyl
CpG binding protein 2 (MeCP2) (10) and four other proteins discovered by
database homology searching using the methyl-CpG binding domain (MBD)
of MeCP2 as bait (MBD1, MBD2, MBD3, and MBD4) (11), are likely to
confer at least some of the effects of DNA methylation. MBD2 is one of the
methyl-CpG binding proteins responsible for MeCP1 activity (12). In vitro
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experiments have demonstrated that MeCP2, MBD1, and MBD2 are likely
to be involved in transcriptional repression through changes in the chromatin
structure (12-14). These proteins are components of co-repressor complexes
containing histone deacetylase. They probably target the complexes to the
methylated DNA by virtue of their methyl-CpG binding domains. MBD2 and
MBD3 have aso been shown to be core components of the NURD chromatin
remodeling complex (15,16). MBD4, which turns out to be a thymidine
N-glycosylase, is involved in the repair of G:T base-pair mismatches (17).
These mismatches may arise when 5-methylcytosine mutates to thymine by
hydrolytic deamination.

The Role of DNA Methylation

Gene knock-out studies indicate that CpG methylation in mammals is an
indispensable process. Targeted del etion of Dnmt1 resultsin amarked reduction
in the level of DNA methylation in embryonic stem cells (ES) (25-30% of
wild-type levels) and islethal early in embryogenesis (18). Combined deletion
of Dnmt3a and Dnmt3b is also lethal at a very early stage, the resultant
post-implantation embryos being highly demethylated (1). These studies
demonstrate the importance of DNA methylation in development but precisely
why it is important is still not clear. The idea that methylation somehow
orchestrates changes in chromatin structure during normal development is
not well-supported by experimental evidence. Importantly, with the exception
of the relative handful of imprinted genes and the genes on the inactive
X chromosome in females, the CpG islands located in the promoter regions
of genes are usually unmethylated irrespective of the expression status of the
gene (19). Hence promoter methylation does not appear to be anormal control
mechanism in the expression of most CpG island-containing genes, even
when they exhibit tissue-specific expression patterns. Genes containing non-
CpG island promoters may exhibit a relationship between promoter methyla-
tion and transcriptional downregulation. However, some have argued that
hypomethylation frequently follows transcriptional activation in the tissue-
specific expression of genes. Therefore, the link between methylation and gene
guiescence may nhot be causal.

In the case of imprinted genes and genes on the inactive X chromosome,
methylation may have a more direct involvement in transcriptional control
(20,21). In both situations, only one of the parental aleles is active and the
aleles are differentially methylated. Methylation of the inactive allele at the
CpG island promoter probably has the effect of altering chromatin structure
sufficiently to deny access to transcription factors that are otherwise available
to the promoter of the active unmethylated allele. In the case of X chromo-
some inactivation in females, inactivation is initiated by Xist RNA (22). This
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coats the X chromosome in cis and leads to its inactivation. However, CpG
island methylation has emerged as an essential mechanism involved in the
maintenance of the inactive state in the embryo. Interestingly, in the visceral
endoderm which is derived from the extra-embryonic lineage and where X
inactivation is not random but isimprinted (the paternal X is silent because the
paternal Xist is unmethylated and active), DNA methylation appears not to be
essential for maintaining X inactivation (23).

DNA methylation is substantially deregulated in cancer. Global hypometh-
ylation has been described by numerous authors in many tumors but the
phenomenon is not universal (24,25). Paradoxically, the hypermethylation
of CpG island promoters is also well-described in cancer as well as in aging
(26). The propensity of CpG islands to become hypermethylated has led to
the hypothesis that DNA methylation could provide an alternative (epigenetic)
mechanism to loss of function of a tumor-suppressor gene. Hence, loss of
function could be due to methylation of both alleles, mutation of both alleles,
or a combination of methylation and mutation affecting individual alleles.
While an increasing number of studies continue to highlight CpG island
hypermethylation of tumor-suppressor genes in cancer, evidence that the
relationship is causal falls short of proof. There is still the possibility that the
genes found to be methylated in cancer and in cancerous cell lines are those
that have been silenced by another mechanism, the methylation seen merely
reinforcing a quiescent state.

Evidence from the two clinical syndromes recently linked to DNA methyla-
tion may offer further insights into the function of DNA methylation in
mammals. The rare autosomal recessive syndrome ICF (Immunodeficiency,
Centromeric region instability, Facial abnormalities) is now known to be dueto
DNMT3B deficiency (1,27). A remarkabl e cytogenetic feature of thissyndrome
is the failure of the pericentromeric heterochromatic regions of chromosomes
1, 9, 16 to condense in metaphase chromosome preparations. This is similar
to the situation observed when cells are treated with the demethylating agent
5-azacytidine. Consistent with this, the satellite |1 and I11 DNA is substantially
demethylated in ICF syndrome. Loss of methylation of CpG islands on
the inactive X chromosome is also seen, and this seems to result in derepres-
sion of transcription (28). Mouse ES cells deficient in Dnm3b also have
markedly demethylated minor satellite DNA. As DNMT3B deficiency leads
to a widespread defect in DNA methylation throughout the genome, albeit
with a certain predilection for satellite DNA sequences, it is intriguing that
the phenotype induced should be that of Chromosomal instability, Facial
abnormalities and Immune deficiency. Some chromosomal instability is not
entirely unexpected because global demethylation induced by Dnmt1 deficiency
in mouse ES cells has been shown to increase genome instability. However the
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mechanism leading to thisinstability is still unclear. Full characterization of the
immunodeficiency in ICF patients may also help to reveal novel mechanisms
involving DNA methylation.

In the case of the X-linked Rett syndrome, the establishment of MeCP2
mutations as the cause also prompts some reassessment of the cellular function
of this methyl-CpG binding protein (2). Prior to the detection of MeCP2
mutations in this syndrome, it would have been reasonable to assume that, as
MeCP2 iswidely expressed in somatic tissues and binds to methylated DNA,
its function might have been crucial in many different tissues. Deficiency
might have been expected to lead to global defects in transcriptional control
and a phenotype apparent in many cell types and systems. However MeCP2
deficiency in Rett syndrome has a more specific phenotype than might have
been predicted, leading to a neurodevelopmental defect and mental retardation
in females. Could it be that there is some functional redundancy of the methyl-
CpG binding proteins in all tissues except brain? Or does MeCP2 have some
other function in promoting cognitive development, related or unrelated to its
activity as a methyl-CpG binding protein?

DNA methylation promises to be a vibrant field over the next decade. There
has been a marked proliferation in the number of techniques available for
studying methylation. The techniques presented in this book should provide
the researcher with most of the tools necessary for studying methylation at the
global level and at the level of the sequence. In particular, techniques useful for
identifying genes that might be aberrantly methylated in cancer and aging are
well-represented. The book is not intended to be an exhaustive account of al the
techniques available, but does cover most of the recent substantive breakthroughs
in methodology. Established techniques, such as Southern hybridization of size-
fractionated DNA digested with methylation-sensitive restriction enzymes, are
not covered, but have been well-described el sewhere (29).
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Nearest-Neighbor Analysis

Bernard H. Ramsahoye

1. Introduction

Nearest-neighbor analysis can be used to identify the 3' nearest neighbors
of 5mC residues in DNA (1,2). It can also be used to measure the level of
methylation of a specific methylated dinucleotide in DNA. Typically, in the
case of mammalian DNA, this means quantifying the degree of methylation
at CpG dinuclectides. It has the added advantage of being applicable to small
samples of the order of 1 microgram of genomic DNA. The only drawback is
that it is a radioactive technique and the appropriate facilities and techniques
for handling radioactive substances must be available.

1.1. Outline of the Procedure

DNA isdigested with arestriction enzyme and |abel ed at arestriction enzyme
cut site with Klenow fragment of DNA polymerase | and a [a-%?P] dNTP.
After digestion of the labeled DNA to deoxyribonucleotide 3'-monophosphates
using a combination of an exonuclease and an endonuclease, the radiolabeled
5 a-phosphate of the [a-32P] dNTP will appear as the 3'-phosphate of the
nucleotide (X) that was immediately 5' it in the DNA (its nearest neighbor).
As labeling is template dependent, the amount of the labeled nucleotide
3'-monophosphate in the digest reflects the frequency of a dinucleotide (XpN)
in the DNA. The technigue of labeling cut sites by fill-in reaction as described
here is amodification of the nick-labeling nearest-neighbor analysis technique
first published by Gruenbaum et a. (3). In the author’s experience, the original
technique of using DNase | to nick the DNA and the DNA polymerase |
holoenzymeto label the DNA by nick translation gives|essreproducibleresults
than the fill-in method using Klenow fragment of DNA polymerase |.

From: Methods in Molecular Biology, vol. 200: DNA Methylation Protocols
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1.2. Quantification of CpG Methylation in Mammalian DNA

If Mbo(\GATC) is used to cut the DNA and [a-3?P] dGTPis used to label it,
after digestion of the labeled DNA to deoxyribonucl eotide 3'-monophosphates,
the quantities of labeled 5mdCp, dCp, Tp, dGp, and dAp reflect the relative
frequencies of the dinucleotides 5mdCpG, dCpG, TpG, dGpG, and dApG at
Mbol cut sitesin the DNA.

1.3. Quantification of Non-CpG and CpG Methylation

If the sequence context of cytosine-5 methylation is unknown it may not be
wise to assume that it is at CpG. When methylation is present in sequences
other than CpG the DNA can be cut with Fokl (GGATGNg ;3) and labeled
separately with each of the 4 [a-32P] dNTPs. All dinucleotides containing a
5" 5-methylcytosine should be detectable using this approach. The rational for
using Fokl hereis that even if the methylation only occurred within a specific
sequence in the DNA (a 4-6 base recognition sequence) there would be an
approx 1 in 1000 chance that such sites would also have a Fokl recognition
sequence upstream of the methylated site. Thus if methylation occurred
consistently within a 4—6 base sequence context it should be detectable using
thistechnique, albeit at low level. It should be noted that thereis a hypothetical
possibility that methylation could be missed if the pattern of methylation in
the sample was such that it always arose 9-13 bases downstream of a specific
sequence in the DNA. Using Fokl in thisinstance might positively exclude the
detection of these methylated sites. Also, if the genome of the organism was
particularly small (of the order of 10° bases) and methylation occurred within
aspecific 5 or 6 base sequence only, too few methylated sites might be present
downstream of a Fokl site to reliably allow their detection using this enzyme.

2. Materials
2.1. Reagents

1. High molecular-weight DNA.

2. A restriction enzyme that reliable cuts cytosine-5 methylated DNA leaving a 5
overhang, e.g., Fokl for the detection of 5mC at 5SmCpN, Mbol for the detection
of 5mC at 5mCpG and Mval for detecting methylation of the internal cytosine
in the sequence CC\WGG.

3. [a-32P] dNTP (3000Ci/mmol, Amersham Pharmacia Biotech).

4. Klenow fragment of DNA polymerase | + labeling buffer (Amersham Pharmacia

Biotech).

Micrococcal nuclease (P6752, Sigma).

Calf spleen phosphodiesterase (Worthington Biochemical Corporation).

o o
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. Micrococcal nuclease/spleen phosphodiesterase digestion buffer: 15 mM CaCl.,

100 mM Tris-HCI.

. 0.2 M ethylenediaminetetraacetic acid (EDTA) (Sigma).
. Sephadex G50 spin columns (available from Roche).
. Solution A: 66 volumes isobutyric acid: 18 vol water: 3 vol 30% ammonia

solution.

. Solution B: 80 volumes saturated ammonium sulphate: 18 vol 1 M acetic acid:

2 vol isopropanal.

. Equipment
. Radioactivity laboratory equipped with protective screens.

Disposable gloves should be worn at all times.
Water bath set at 15°C.

. Hot block set at 37°C.

DNA vacuum drier (e.g., Speed Vec).

Thin-layer chromatography (TLC) developing tanks.
Glass-backed 20 cm x 20 cm cellulose TLC plates.
X-ray film.

X-ray cassettes.

Developer.

. Phosphorimager or scintillation counter.

3. Method

3.1.
1

N

Estimation of Percent Methylation at CpG

Extract DNA from the tissue to be analyzed. Any of the standard methods
can be used but the DNA should be high molecular weight and free of RNA.
RNA should be removed by enzymatic hydrolysis with RNaseA and RnaseT1
(together) followed by recovery of the DNA by ethanol precipitation.

. Digest 1 ug DNA with 10 units of Mbol at 37°C overnight.
. Heat-inactivate the enzyme (70°C for 20 min).
. Precipitate the DNA in ethanol, pellet by centrifugation, and re-dissolve the

DNA in 10 pL of water. Whilst the DNA is re-dissolving, prepare an appropriate
number of Sephadex G50 columns in order that these are ready for use on
completion of the labeling step.

. Add 3 uL [a-32p]dGTP (30 uCi), 1.5 pL 10X labeling buffer, and 0.5 pL

Klenow on ice.

. Incubate for 15 min at 15°C.
. Add 2 uL 0.2 M EDTA to terminate the reaction.
. Carefully transfer the labeling mixture to the top of a Sephadex G50 spin

column.

. Centrifuge at 1100g for 4 min collecting the flow through in a 1.5 mL polypro-

pylene tube.
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3.2.
. Sephadex G50 columns can be purchased from commercial suppliers (Roche).
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Dry down the labeled DNA in a DNA speed vac.

Digest the DNA inavolumeof 7 uL (5 uL micrococcal nuclease digestion buffer,
1 L [0.2 units] micrococcal nuclease and 1 uL [2 pg] spleen phosphodiesterase.
The digest should be complete after 4 h at 37°C.

Proceed to TLC or freeze the sample at —20°C until ready to proceed to TLC.

Preparation of Sephadex G50 Columns
They can also be prepared more cheaply in house using 1-mL syringes, swollen

Sephadex G50, and glass wool (to plug the syringe and prevent escape of
sephadex during centrifugation).

. To prepare your own columns, roll a small amount of glass wool between a

gloved finger and thumb and insert it into a 1-mL syringe using the syringe
plunger. The amount of glass wool should be such that it is just sufficient to
cover the exit hole of the syringe and prevent the escape of sephadex during
centrifugation.

. Pipet sephadex G50 slurry into the barrel of the syringe and fill to the brim.

Insert the syringe into a 15-mL tube (Falcon).

. Centrifuge at 1100g for 2 min to compact the G50 and expel the buffer.
. Pipet more G50 slurry into the barrel (filling to the brim) and centrifuge again.
. The compacted sephadex G50 is now ready for sample loading. The sample

should be applied to the center of the column and a 1.5-mL polypropylene
tube should be placed in the 15-mL Falcon tube to collect the elute after
centrifugation.

. Centrifuge the sample at 1100g for 4 min to separate the labeled DNA (which

appears in the elute) from the free nucleotides (which are retained in the
column).

3.3. Thin-Layer Chromatography

1

In the author’s experience, TL C devel oping tanks designed to take more than two
plates in near vertical positions give suboptimal separations in this application.
Standard tanks that allow for allow a maximum of two plates to be developed
at once, give improved separations as the plates can be positioned at a more
favourable angle (Fig. 1A).

The DNA should be labeled to a high specific activity. Ordinarily the tube
containing the digested 32P-labeled DNA should read more than 2000 counts/s
when placed up against a Geiger counter.

Using a 2-puL pipet, spot 0.3 pL of the digest onto a 20 x 20 cm glass-backed
cellulose TLC plate 1.5 cm from the bottom right corner. Take care not to mark
the cellulose in the process. The plate should be labeled with a pencil in the
top left corner (Fig. 1B). The position (for application) can be marked lightly
beforehand with a pencil. If the DNA is insufficiently labeled (there was too
little DNA) then the sample may have to be applied repeatedly (with intervening
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Multi-plate developing tanks Standard developing tanks
give less reliahle separations with takimy o maximum of 2 plates
lesis resolution give reliable separations

Cellulose coverad glnss

The sample 15 applied 1.5 cm from the bottoem
right cormer of the TLC plate

Fig. 1. (A) TLC developing tanks. (B) Applying the sasmple to the TLC plate.

drying) to the same spot. This should be avoided if possible as it will inevitable
detract from the resolution of the subsequent chromatography. Ideally a single
0.3 pL application should give a measurement of 500-1000 counts/s when a
Geiger counter is held directly over it.

Make up solution A fresh prior to each use. The solution should be made up in a
fume hood (isobutyric acid fumes are foul-smelling and toxic) and all subsequent
chromatography should be carried out in the fume hood.

Pour 44 mL of solution A into a TLC developing tank complete with glass lid.
Ensure that thereis agood seal.

When the applied sample is dry, carefully place the TLC plate at an angle in
the developing tank and replace the lid (Fig. 1A). Allow the plate to develop
fully. This should take 12—-18 h, the time taken being dependent on the ambient
temperature. Separations are quicker but noticeably poorer in the summer
months. If an elevated ambient temperatureisaproblem attempts should be made
to carry out the chromatography in an air-conditioned room.

Once the plate is fully developed, remove it carefully and place it on absorbent
paper (cellulose side uppermost) behind a radiation screen with the fume-hood
extractor turned on. The plate will take about 4 h to dry thoroughly. Incomplete
drying of the plate adversely affects the subsequent chromatography.
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Film

y

Four 20 cm x 20 cm
TLL plates layvened
left on right as indicated

1% cm x 43 cm autoradicgraphy cassetie

Fig. 2. Arrangement for stacking four TLC plates in a single autoradiography
cassette.

10.

11.

12.

13.

The solution A in the developing tank should then be poured off into a container
for solvent waste and the tank should then be washed out thoroughly in water
(taking care not the splash the drying TLC plate).

It is preferable for all of these steps to be carried out in the fume hood (if
equipped with asink) as the residual isobutyric acid will leave afoul smell even
in awell-ventilated room.

Once the TLC plate is dry, turn the plate through 90 degrees and subject the
sample to the second dimension of chromatography using solution B.

When the second dimension is complete, remove the plate and dry again in the
fume hood with the extractor on. Drying with the extractor on is essentia as
otherwise coarse crystallization of the ammonium sulphate |eads to deterioration
and flaking of the cellulose layer.

When drying is complete the plates can be analyzed by autoradiography or
phosporimaging. In the case of autoradiography the labeled nucleotides can
subsequently be quantified by scintillation. It is possible to fit four TLC plates
in one 35 x 43 cm autoradiography cassette if they are stacked as indicated in
Fig. 2. This saves on X-ray film and so is more economical. A 24-h exposure is
usually sufficient to locate even low levels of methylation.

After developing the film, the autoradiograph is used to locate the position of the
labeled nucleotides on the TLC plates (Fig. 3). Tracing paper is used to record
the positions with a pencil, drawing a circle around each nucleotide. The tracing
paper can then be applied directly to the plate and a pencil used to delineate the
positions of the respective nucleotides on the plate.
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Fig. 3. Expected positions of nucleotide 3'-monophosphates after two dimensions
of chromatography.

14.

15.

16.

The cellulose can then be scraped off into scintillation vials using clean scalpel
blades (being careful to recover al of the label and not to cross-contaminate
other nucleotides).

The radioactivity in the cellulose can then be measured by scintillation after the
addition of scintillant. Accurate and reproducible quantifications are only possible
if great careistaken to ensure that al the cellulose is recovered without spillage.
When counting the relatively high-energy B emissions from 32P, it is usually
sufficient to record the scintillation data in units of counts per minute (CPM).
Thisis because 32P emissions are not significantly quenched in the circumstances
described above. Construction of a quench curve and conversion of the data to
disintegrations per minute (DPM) should not be necessary. The same would not
apply if using the weaker emitting 3P isotope in labeling reactions.
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Measurement of Genome-Wide DNA Cytosine-5
Methylation by Reversed-Phase High-Pressure
Liquid Chromatography

Bernard H. Ramsahoye

1. Introduction

In health, approx 4% of cytosines are methylated. Tissues can vary in their
levels of DNA methylation and the overall level is often reduced in malignancy
(1). The level of DNA methylation is usually obtained by chromatographic
separation of the constituent nucleotide bases or their related deoxyribonucleo-
tides or deoxyribonucleosides, and is usually represented as a fraction of
total cytosine. Quantification of 5mC by chromatographic separation of
deoxyribonucleotides has the advantage that, as deoxyribonucleotides can
be easily distinguished from ribonucleotides, contamination of the DNA by
RNA isless likely to cause error. This can be the case if 5mC is assayed after
chemical hydrolysis of the DNA to bases.

The method outlined is a modification of the method of Kuo et al. (2) which
was devel oped for the measurement of deoxyribonucleosidesand | ater improved
(3). The chromatographic technique enables the complete separation of all five
deoxyribonucl eotides, making dephosphorylation of the nucleotides to nucleo-
sides unnecessary. 5-methyl-2'-deoxycytidine-5'-monophosphate (5mdCMP)
is measured as a proportion of total 2'-deoxycytidine-5'-monophosphates
(5mdCMP + dCMP), and the technigue is suitable for measuring the 5mdCMP
content in 1 ug or more of DNA. Methods based on the measurement of
nucl eotide bases have been described el sawhere (4,5).

From: Methods in Molecular Biology, vol. 200: DNA Methylation Protocols
Edited by: K. I. Mills and B. H. Ramsahoye © Humana Press Inc., Totowa, NJ

17



18

Ramsahoye

2. Materials

2.1.
1
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Enzymes
Ribonuclease A (RNaseA).

2. Ribonuclease T1 (RNase T1).
3.
4. Nuclease P1.

Deoxyribonuclease | (DNasel).

. Buffers
. TrissEDTA (TE) 10 mM Tris-HCI, pH 8.0, 1 mM ethylenediaminetetraacetic

acid (EDTA).

. DNase | digestion buffer: 10 mM Tris-HCI, pH 7.2, 0.1 mM EDTA, 4 mM

magnesium chloride.

. 30 mM sodium acetate, pH 5.2.

. Other Reagents

10 mM Zinc sulphate.
3 M Sodium acetate, pH 5.2.
Ethanol.

. Phenol/chloroform/isoamyl alcohol, pH 8.0.

. Solutions for High-Pressure Liquid Chromatography (HPLC)

. 40% methanol.
. 10% methanol.

50 mM ammonium orthophosphate: this is made by dissolving 50 millimoles
of diammonium orthophosphate in 1 L of 50 mM orthophosphoric acid with
subseguent adjustment of the pH to 4.1 with 1 M orthophosphoric acid.

. Nucleotide Standards

. 2'-Deoxycytidine 5'-monophosphate (dACMP).

. 5-Methyl-2'-deoxycytidine, 5'-Monophosphate (5mdCMP).
. 2'-Deoxyguanosine 5'-monophosphate (dGMP).

2'-Deoxyadenosine 5'-monophosphate (AAMP).

. Thymidine 5'-monophosphate (TMP).

All enzymes, compounds, and solutions are available from Sigma.

3. Method

3.1.

DNA Preparation

For the most accurate measurement of the constituent nucleotides, it is
important to ensure that all RNA is removed from the DNA preparation.
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Although ribonucleotides usualy elute from the column with different reten-
tion times, their presence can sometimes interfere with measurement of the
deoxyribonucleotides. DNA that has been prepared by conventional techniques
such as phenol/chloroform extraction contains substantial amounts of RNA.
Removal of RNA can be achieved by enzymatic hydrolysis with a combination
of RNase A and RNase T1 followed by ethanol precipitation. The inclusion of
RNase T1 isessential for total removal of the RNA (see Note 1).

1. Dissolve approx 50 pg DNA in 300 pL of 1X TE in a 1.5 mL polypropylene
microcentrifuge tube. Add RNase A to afinal concentration of 100 pg/mL and
RNase T1 to afina concentration of 2,000 unit¥mL. Mix gently and incubate
the solution at 37°C for 2 h.

2. Following the incubation, add an equal volume of phenol/chloroform/isoamyl
alcohol and invert the tube several times to encourage mixing. Centrifuge for
2 min at 15,000 rpm in a bench-top microcentrifuge and gently remove the top
aqueous layer containing the DNA into a clean tube by pipetting. Care should
be taken not to carry over any phenol as this can interfere with the subsequent
enzymatic hydrolysis as well as the chromatography. Contaminating phenol can
be removed by extraction with ether.

3. Precipitate the DNA by adding 0.1 vol of 3 M sodium acetate and 2.5 vol of
absolute ethanol. Recover the DNA by centrifugation and removal of the ethanol
supernatant containing the hydrolyzed RNA. Wash the DNA pellet with 70%
ethanol and resuspend in 100 pL deoxyribonuclease | (DNase 1) digestion
buffer.

3.2. DNA Hydrolysis

1. Follow steps 1-3, Subheading 3.1.

2. Add DNase | to a final concentration of 50 pg/mL and incubate at 37°C for
14 h.

3. Add 2 vol of 30 mM sodium acetate, pH 5.2, and zinc sulphate to a final
concentration of 1 mM. Add Nuclease P1 to afinal concentration of 50 pg/mL
and incubate for a further 7 h at 37°C.

4. Removal of any solid debris from the DNA hydrolysate ensures that subsequent
HPLC runs smoothly. To achieve this, the DNA hydrolysate can be filtered by
centrifugation using a spin column with a 0.45-um filter (Millipore).

To maximize the reproducibility of subsequent HPLC, samples should be
injected in the same injection volume. The concentration of deoxyribonucleo-
tides can be assessed by UV spectrophotometry at 260 nm and the concentration
of the nucleotides adjusted with DNA digestion buffer (a solution containing
1 part DNase | digestion buffer to 2 parts 30 mM sodium acetate) so as to
contain approx 5 pg of nucleotidein a50 pL injection volume. The sample can
be analyzed immediately or stored at —70°C until analysis.
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Fig. 1. HPLC apparatus.

3.3. Isocratic Reverse-Phase High-Pressure
Liquid Chromatography (RP-HPLC)

The principle of RP-HPL C isthat the components of a solution are separated
by injecting them onto a column containing anonpolar hydrocarbon chemically
bonded onto the surface of rigid silica particles (solid phase). The components
are then eluted from the column according to their solubility in apolar solution
(mobile phase). Individual compounds are released from the column when
specific volume of mobile phase has passed through. If the elution times
of the compounds are sufficiently different, the compounds can be detected
individually and quantified. The choice of mobile phase and solid phase depend
on the application and make a marked difference to the efficiency of separation.
In addition, variations in pH of the mobile phase and variations in ambient
temperature also markedly affect separation. The mobile phase is delivered at
high pressure and at a constant rate to the solid phase by means of a pump. The
detection system is located down stream of the solid phase. An illustration of
the HPLC apparatusis shownin Fig. 1.

For the separation of 2'-deoxyribonucleotide-5'-monophosphates (ANMPs),
the following components and conditions are required:



Measurement of DNA Cytosine-5 Methylation 21

Fig. 2. Analysisof the methylation level in DNA extracted from human bone marrow
mononuclear cells. A dual-channel chart recorder has been used to display the results.
The separation was performed with the column at ambient temperature.

1. Mobilephase: 50 mM ammonium orthophosphate, pH 4.1. The mobile phase should
be run at 1 mL/min, and should be filtered and degassed thoroughly before use.

2. Solid phase: 25 x 0.4 cm, 5 pm APEX ODS column (Jones Chromatography
Limited, New Road, Hengoed, Mid Glamorgan, Wales, UK). Use of apre-column
isoptional but will preserve the life of the column.

3. Column chiller: To improve reproducibility and aid separation, the column (and
precolumn if present) should be chilled to 10°C. Chillers specifically designed
for this purpose are avail able from Jones Chromatography. The benefit of chilling
the column can be seen by comparing the peak separation in Fig. 2 (column at
ambient temperature) with that seenin Fig. 3 (column chilled at 10°C).
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Fig. 3. Analysis of the DNA methylation level in wild-type mouse embryonic stem
cells and DNA methyltransferase-deficient embryonic stem cells (7). 5mdCMP in
the mutant mice is much reduced but not absent. The column was chilled to 10°C,
improving the separation between dNMP peaks (see Fig. 2 for comparison) and the
chromatogram was generated by Gilson 712 data acquisition and analysis software
(see Note 1).
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It is essential to ensure that the pump is functioning satisfactorily, at steady
flow rates and constant pressure. Variationsin flow rate will lead to unacceptable
variations in the quantities of nucleotide detected, slowing of the rate past the
detector leading to an increase in the area under the peak. Most systemsinclude
pressure gauges to indicate when the system is malfunctioning (see Note 2).

3.3.1. Nucleotide Detection

Nucleotides are best detected by a UV absorbance detector. Most modern
detectors enable detection at any wavelength. Many detectors have two chan-
nels, allowing a single sample to be analyzed by two wavelengths of UV
simultaneously and this may be useful for the identification of unknown com-
pounds. In the present method, all nucleotides are analyzed at 280 nm, whichis
closeto the A, of ACMP and 5mdCMP (272.7 and 278 nm, respectively).

Detectors are also able to detect at varying sensitivities (0.001-2 AUFS,
absorbance unit full scale). The sensitivity of detection can be set in accordance
with the quantity of DNA being analyzed. However, depending on the quality
of the detector, at high sensitivity (low AUFS), the amount of background
noise may be unacceptable leading to poor signal-to-noise ratios and poor
coefficients of variation for peaks and peak ratios.

The UV absorbance detector measures the change in UV absorbance as the
nucleotide passes the detector and converts this to an electrical signal that can
be detected using a chart recorder or a computer system with the appropriate
interface and software. Computer analysis of the absorbance-detector output is
preferable as it is less subjective and more accurate. It also facilitates storage
and manipulation of the data.

3.3.2. Computer Analysis

Using an appropriate interface, the UV absorbance data can be stored and
analyzed using a variety of programs, the system used by the author being the
Windows-based Gilson 712 software package (version 1.2).

3.3.3. Using a Chart Recorder

The main difficulty to overcome when using a chart recorder to measure
small differences in % cytosine methylation is that when analyzing human
DNA, the sizes of the 5SmdCMP and dCM P peaks are markedly different, 5mC
being approx 4% of total cytosine. Assessing achange in the size of the smaller
peak compared with the larger peak is therefore subject to a greater error. This
can be overcome by using a dual-channel chart recorder that has the facility to
alter the gain (the voltage signal required to produce afull-scale deflection) for
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each channel separately. The output of the absorbance detector in connected to
both channels of the chart recorder in parallel. The sensitivity of detection
of the first channel can then be set so as to increase the size of the 5SmdCMP
peak and make it comparable to the height of the dACMP peak in the second
channel. Peaks can then be measured either by peak height (trough to peak) or
by measuring the peak area. The former is considerable less time-consuming
than the latter. The relationship between nucleotide quantity and peak height
islinear over awide range, and measurement of peak heightsis therefore both
convenient and accurate for the assessment of nucleotide quantity. Figure 2
shows an example of atypical chromatogram produced by this technique.

3.3.4. Using the HPLC

It is essential that the HPLC apparatus is not left in ammonium orthophos-
phate buffer when not in use as precipitation of the buffer can cause consider-
able damage to the system. After use, the system should be left in a solution
of 40% methanol.

Prior to use and before equilibrating the HPL C column with the ammonium
orthophosphate buffer, the column should be washed by sequential treatments
with a solution of 40% methanol in water (1 mL/min for 30 min) followed by
a solution of 10% methanol (1 mL/min for 30 min). The buffer can then be
changed to 50 mM ammonium orthophosphate pH 4.1 (1 mL/min) and the system
should be allowed to equilibrate for afurther hour in this buffer before samples
are loaded. At this point, the baseline signal from the absorbance detector
should be level. When HPLC is completed, the system should be washed
through with water followed by solutions of 10% and 40% methanol each
for 30 min.

3.4. Quantification of dCMP and 5mdCMP Using
a Computerized Data Acquisition

The simplest way of measuring the molar equivalents of dCMP and 5SmdCMP
isby measuring the peak areaat 280 nm and dividing this value by the extinction
coefficient for each nucleotide at 280nm. The extinction coefficients at pH 4.3
and 280 nm for dCM P and 5mdCM P have been determined by Sinsheimer to be
11.5 x 103 and 10.1 x 103 respectively (6). 5mdCM P can then be expressed as a
percentage of total dCM P according to the following formula:

%ocytosine methylation = 5mdCMP SMAdCMP x 100

5mdCMP + dCMP
where 5SmdCMP and dCMP are expressed as molar equivalents.
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3.5. Quantification of Nucleotides Using a Chart Recorder

Themethod of quantification outlined aboveis only suitable when computerized
data acquisition and analysis are available. Alternatively, if data analysis is by
means of a chart recorder, the system must first be caibrated by injecting known
amounts of nucleotide standards onto the column and measuring peak heights.

Deoxyribonucleotide standards are available from Sigma. When setting up
the calibration, the range of quantities of nucleotide used should span the
guantities present in the test samples, and a linear relationship between peak
height or area and nucleotide quantity should be demonstrated over the range.

3.5.1 Making Up Solutions with Known Concentrations of dNMPs

1. Dissolve deoxyribonucleotide-5"-monophosphate standardsin water and measure
the molarities according to Beer's law:

absorbance at Ao = Emax X Path length (cm) x concentration (moles/L)
€max (Extinction coefficient) for dCMP = 9.3 x 103, 5mdCMP = 11.8 x 103,
TMP=10.2 x 10%, dGMP = 13.7 x 103, JAMP = 15.3 x 10° at neutral pH.

Care must be taken to ensure that the nucleotides are completely dissolved. Their
optical densities should not change over time when completely dissolved.

2. Adjust the concentrations of dCMP, TMP, dGMP, and dAMP so that they are
approx 7.5 mM, and adjust the concentration of 5mdCMP to approx 0.3 mM.

3. After adjustment, re-measure the concentrations of each standard. Knowing
the exact molarity of each solution, pipet exactly 7.50 pmoles of dCMP and
dGMP, 10 pmoles of TMP and dAMP, and 0.34 umoles 5mdCMP into a fresh
polypropylene tube (approx 40 uL of each). Care should be taken to ensure that
the pipet is properly calibrated before dispensing these amounts, as errors at this
stage will result in afailure of nucleotide ratios to balance when the calibration
is used to compute molar ratios. Adjust the volume of the mixture to 1 mL by
addition of DNA digestion buffer (containing 1 part DNase | digestion buffer
to 2 parts nuclease P1 digestion buffer). Dilutions of this deoxyribonucleotide
monophosphate mixture can now be used for the calibration.

4, Pipet 100, 90, 80, 70, 60, 50, 40, 30, 20, and 10 pL of this mixture into fresh
polypropylene tubes and make up the volume of each to 100 uL with DNA
digestion buffer. Sequentially, inject 50 uL of each mixture onto the HPLC
column and record the peak areas and peak heights of all nucleotides.

5. Perform aregression analysis of nucleotide quantity against peak height for each
nucleotide. In terms of dCMP, this range of dilutions should contain 15 nmols
to 1.5 nmoles of nucleotide. The R2 value for each regression line should be
> 0.99 and the regression equation for each nucleotide can be used for converting
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any measurement of peak height in atest sample to the corresponding nucleotide
molar quantity.

The accuracy of the calibration can be checked by analyzing a segment
of DNA (such as $X174 DNA or SV40 DNA) for which the sequence, and
therefore predicted nucleotide ratios, is entirely known. Highly purified com-
mercial preparations of these DNAs are available. If the nucleotide ratios found
are not as predicted, appropriate adjustments can be made to the calibration.
Although this system can be used to verify the accuracy of the calibrations for
the major deoxyribonucleotides, it cannot be used for checking the calibration
of 5mdCMP, as 5mC is not present in these DNAs. However, the accuracy of
the 5mC calibration can be checked indirectly by ensuring that the molar ratio
of total ACMP:dGMPisfoundto be 1 (or closeto 1) when analyzing partially
methylated DNASs such as human DNA.

3.6. Tests of Reproducibility

If al the points in the regression analysis fit closely to a straight line, this
is a good indication that the coefficient of variation is low, but variation here
can be due to pipetting errors. All regression lines should pass through (or
near to) the origin, and if this is the case, the ratios between nucleotides will
be the same over the range of values tested. As a fina confirmation, replicate
measurements (at |east 5) of atest sample should be made to ensure consistency
of measurement. The coefficient of variation (standard deviation/mean x 100)
should be less than 5% for 5mdCMP/(5mdCMP + dCMP).

4. Notes
The most common problems encountered with this technique are:

1. Incomplete hydrolysisof contaminating RNA. Thismay |ead to baselinevariation
but if contamination is considerable, it can interfere with the measurement of
the dNMP peaks. In Fig. 3, contaminating RNA has produced some base-
line noise in the sample from wild-type ES cells. This artefact is not present in
the sample from DNA methyltransferase-deficient ES cells.

2. Poor performance of the HPLC system leading to a coefficient of variation of
>5%. It is best to use a system that is up and running and regularly serviced. For
reproducibleresults, care should be taken to ensure that the system is operating at
constant pressure. Thisis best achieved by connecting the pressure monitor to a
chart recorder and measuring the variation in pressure with each pump cycle.
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Methylation Analysis by Chemical DNA Sequencing

Piroska E. Szabo, Jeffrey R. Mann, and Gerd P. Pfeifer

1. Introduction

The presence of 5-methylcytosine as a modified base in DNA was discov-
ered many decades ago. Surprisingly, however, and despite intense research
efforts, the principal function of DNA methylation is still unknown. The CpG
dinucleotideisthe predominant if not exclusive target sequence for methylation
by mammalian DNA methyltransferases. The analysis of DNA methylation at
single-nucleotide resolution (genomic sequencing) has long been considered
technicaly difficult, at least in mammalian cells. Recently, techniques have
been developed that give a sufficient specificity and sensitivity for analysis
of the methylation of single-copy genes by DNA-sequencing techniques
(1,2). Currently, the most widely used method is based on bisulfite-induced
deamination of cytosines followed by polymerase chain reaction (PCR) and
DNA sequencing (2). Chemical DNA sequencing combined with ligation-
mediated PCR (LM-PCR) is an alternative method for determination of
genomic methylation patterns (1). LM-PCR is based on the ligation of an
oligonucleotide linker onto the 5" end of each DNA molecule that was created
by a strand-cleavage reaction during chemical DNA sequencing. This ligation
reaction provides acommon sequence on al 5' ends allowing exponential PCR
to be used for signal amplification. One microgram of mammalian DNA per
lane is more than sufficient to obtain good-quality DNA sequence ladders.
The genera LM-PCR procedure used for methylation analysis by chemical
DNA sequencing is outlined in Fig. 1. The first step of the procedure is
modification and cleavage of DNA with hydrazine and piperidine, generating
DNA moleculeswith a5'-phosphate group. Hydrazine reacts with cytosines but
not 5-methylcytosines. Strand cleavage by piperidine through beta-elimination

From: Methods in Molecular Biology, vol. 200: DNA Methylation Protocols
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Fig. 1. Outline of the ligation-mediated PCR procedure for analysis of methylation
patterns after chemical sequencing. Theindividual stepsinclude chemical modification
and cleavage of DNA, annealing and extension of primer 1, ligation of the linker, PCR
amplification of gene-specific fragments with primer 2 and the linker-primer, detection
of the sequence ladder by gel electrophoresis, electroblotting, and hybridization with
asingle-stranded probe.

produces signals at the positions of all cytosines but 5-methylcytosines are
recognized by a gap in the sequence ladder. In LM-PCR, primer extension
of a gene-specific oligonucleotide (primer 1) generates molecules that have
a blunt end on one side. Linkers are ligated to these blunt ends, and then an
exponential PCR amplification of the linker-ligated fragmentsis done using the
longer oligonucleotide of the linker (linker-primer) and a second gene-specific
primer (primer 2). After 18-20 PCR amplification cycles, the DNA fragments
are separated on a sequencing gel, electroblotted onto nylon membranes, and
hybridized with a gene-specific probe to visualize the sequence ladders (1).
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The LM-PCR method has been used for determination of DNA cytosine
methylation patterns in various genes (1,3-10). It is possible to use LM-PCR
to determine the methylation pattern of restriction sites by a highly sensitive
Southern-blot assay that requires only 10 ng of DNA (11). This assay is quan-
titative and, unlike other PCR-based methylation assays, it gives asimultaneous
positive display for methylated and unmethylated sites.

Figure 2 illustrates a methylation analysis obtained by LM-PCR. The
sequences shown are from the far upstream region of the maternally expressed,
imprinted mouse H19 gene (9). Differential methylation at CpG sitesis present
between androgenetic, wild-type, and parthenogenetic embryonic stem cells.
These differences are clearly apparent when acomparison is made with cloned,
unmethylated DNA.

I's there any advantage of using LM-PCR rather than bisulfite sequencing?
Published reportsthat used the bisulfite method often contain data on significant
amounts of non-CpG methylation and on asymetrically methylated CpG sites.
This has never been observed with LM-PCR. As pointed out by Rein et al. (12),
bi sul fite sequencing can produce serious artifacts by incomplete denaturation of
GC-rich DNA, incomplete deamination of cytosines, or incompl ete resistance
of 5-methylcytosines. Also, deaminated and nondeaminated sequences may
be amplified with different efficiencies in the PCR reaction (13). None of these
problems is a concern in LM-PCR. In LM-PCR, partially methylated sites
are readily apparent (see Fig. 2). Quantitation, which should always involve
unmethylated, cloned DNA as a contral, is best done by comparing the signal
at the cytosine of a CpG site with a neighboring cytosine that is not in a
CpG. With bisulfite sequencing the quantitative determination of methylation
patterns often involves sequencing of alarge number of cloned PCR products
(e.g., ref. 14), which can be time-consuming and expensive. However, it has
the advantage of obtaining the methylation patterns of single molecules, which
cannot be done by LM-PCR. One other significant advantage of LM-PCR
is that information about protein binding and chromatin structure can easily
be obtained by in vivo footprinting experiments done with the same sets of
primers used for determining the methylation pattern (9,15-18).

We suggest that LM-PCR should be used to confirm data obtained with
bisulfite sequencing, in particular when artifacts are suspected. LM-PCR
is often perceived technically more difficult than bisulfite sequencing. The
detailed protocol that follows should alleviate these concerns.

2. Materials

1. Buffer A: 0.3 M sucrose, 60 mM potassium chloride, 15 mM sodium chloride,
60 mM Tris-HCI, pH 8.0, 0.5 mM spermidine, 0.15 mM spermine, 2 mM
ethylenediaminetetraacetic acid (EDTA).
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Fig. 2. Detection of methylated cytosines in amammalian gene. The region analyzed
contains sequences 3.9 kilobases upstream of the promoter of the imprinted mouse H19
gene. DNA was obtained from parthenogenetic embryonic stem cells (Pg), wild-type
embryonic stem cells (Wt) or androgenetic embryonic stem cells (Ag). The lane labeled
C contains unmethylated control DNA obtained from alambdavector carrying agenomic
copy of the H19 gene. The lanes labeled CT, GA, and G are DNAs from wild-type
embryonic stem cells subjected to the C+T-, G+A-, and G-specific chemical sequencing
reactions. Open, gray, and black circles indicate unmethylated, partially methylated, or
fully methylated CpGsin Pg or Ag cells, respectively.
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14.
15.
16.
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18.
19.
20.
21.
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23.
24.
25.
26.
217.
28.

29.

Nonidet P40.

Buffer B: 150 mM NaCl, 5 mM EDTA, pH 8.0.

Buffer C: 20 mM Tris-HCI, pH 8.0, 20 mM NaCl, 20 mM EDTA, 1% sodium
dodecyl sulfate (SDS).

Proteinase K.

DNase-free RNAase A.

Phenol: Equilibrate with 0.1 M Tris-HCI, pH 8.0.

Chloroform.

Ethanal.

3 M sodium acetate, pH 5.2.

. TE buffer: 20 mM Tris-HCI, pH 7.6, 1 mM EDTA.

DMS buffer: 50 mM sodium cacodylate, 1 mM EDTA, pH 8.0.

DMS (dimethylsulfate, >99%, Aldrich, Milwaukee, WI). DMS is a highly toxic
chemical and should be handled in a well-ventilated hood. DM S waste (including
plastic material) is detoxified in 5 M NaOH. DMS is stored under nitrogen at 4°C.
DMS stop: 1.5 M sodium acetate, pH 7.0, 1 M 2-mercaptoethanal.

Formic acid (Fluka, Ronkonkoma, NY).

Hydrazine (anhydrous, Aldrich). Hydrazine is a highly toxic and should be
handled in a well-ventilated hood. Hydrazine waste (including plastic material)
is detoxified in a solution of 3 M ferric chloride. Hydrazine is stored under
nitrogen at 4°C in an explosion-proof refrigerator. The bottle should be replaced
at least every 6 mo.

Hz-stop: 0.3 M sodium acetate, pH 7.5, 0.1 mM EDTA.

Ethanol pre-cooled to —70°C.

3 M sodium acetate, pH 5.2.

75% ethanol.

Piperidine (>99%, Fluka), stored under nitrogen at —20°C. The 1 M solution
is prepared fresh.

Oligonuclectide primersfor primer extension: Theprimer used, asprimer 1 (Sequenase
primer) is a 15- to 20-mer with a caculated Tm of 48°C to 56°C (see Note 1). Pre-
pare primers as stock solutions of 50 pmoles/uL in TE buffer and keep at —20°C.

5X Sequenase buffer: 250 mM NaCl, 200 mM Tris-HCI, pH 7.7.
Mg-DTT-dNTP mix: 20 mM MgCl,, 20 mM DTT, 0.25 mM of each dNTP.
Sequenase 2.0 (USB, Cleveland, OH): 13 units/pL.

300 mM Tris-HCI, pH 7.7.

2M TrissHCI, pH 7.7.

Linker: Prepare the double-stranded linker by annealing a 25-mer (5'-GCGGT
GACCCGGGAGATCTGAATTC, 20 pmoles/uL) to an 11-mer (5'-GAATTCA
GATC, 20 pmoles/uL) in 250 mM Tris-HCI, pH 7.7, by heating to 95°C for
3 min and gradually cooling to 4°C over atime period of 3 h. Linkers can be
stored at —20°C for at least 3 mo. They are thawed and kept onice.

Ligation mix: 13.33 mM MgCl,, 30 mM DTT, 1.66 mM ATR, 83 pg/mL bovine
serum albumin (BSA), 3 units/reaction T4 DNA ligase (Promega, Madison, WI),
and 100 pmoles linker/reaction (= 5 pL linker).
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Escherichia coli tRNA.

2X Tag polymerase mix: 20 mM Tris-HCI, pH 8.9, 80 mM NaCl, 0.02% gelatin,
4 mM MgCl,, and dNTPs at 0.4 mM each.

Oligonucleotide primers for PCR: The primer used in the amplification step
(primer 2) is a 20- to 30-mer with a calculated Tm between 60 and 68°C (see
Note 2). 10 pmoles of the gene-specific primer (primer 2) and 10 pmoles of
the 25-mer linker-primer (5'-GCGGTGACCCGGGAGATCTGAATTC) are used
per reaction along with 3 units Tag polymerase, and these components can be
included in the 2X Taq polymerase mix.

Taq polymerase

Mineral oil.

400 mM EDTA, pH 7.7.

Formamide loading buffer: 94% formamide, 2 mM EDTA, pH 7.7, 0.05% xylene
cyanol, 0.05% bromophenal blue.

Acrylamide.

Bisacrylamide.

Urea

1M TBE: 1 M Tris, 0.83 M boric acid, 10 mM EDTA, pH 8.3.

Whatman 3MM and Whatman 17 paper.

Nylon membranes.

Electroblotting apparatus (Owl Scientific, Cambridge, MA).

An appropriate plasmid or PCR product containing the sequences of interest.
Oligonuclectide primer to make the hybridization probe (primer 3). This primer
is used together with the cloned template and Tag polymerase to make single-
stranded hybridization probes (see Note 3).

32P-dCTP(3000 Ci/mmol)

7.5 M Ammonium acetate.

Hybridization buffer: 0.25 M sodium phosphate, pH 7.2, 1 mM EDTA, 7% SDS,
1% BSA.

Washing buffer: 20 mM sodium phosphate, pH 7.2, 1 mM EDTA, 1% SDS.
Kodak XAR-5 film.

3. Methods

3.1.
1.

N

DNA Isolation

Isolate nuclei by adding 10 mL of buffer A containing 0.5% Nonidet P40 to the
cells. This step will release the nuclei and removes most of the cytoplasmic RNA.
Transfer the suspension to a 50-mL tube. Incubate on ice for 5 min.

. Centrifuge at 1,000g for 5 min at 4°C.
. Wash the nuclear pellet once with 15 mL of buffer A.
. Re-suspend nuclei thoroughly in 2-5 mL of buffer B, add one volume of buffer

C, containing 600 pg/mL of proteinase K (added just before use). Incubate for
2hat 37°C.
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5. Add DNase-free RNAase A to a final concentration of 100 ug/mL. Incubate
for 1 hat 37°C.

6. Extract with one volume of buffer-saturated phenol. Then, extract with 0.5 vol-
umes of phenol and 0.5 volumes of chloroform. Repeat this step until the
aqueous phase is clear and no interface remains. Finally, extract with 1 volume
of chloroform.

7. Add 0.1 volumes of 3 M sodium acetate, pH 5.2, and precipitate the DNA with
2.5 volumes of ethanol at room temperature.

8. Centrifuge at 2,000g for 1 min. Wash the pellet with 75% ethanol and air-dry
briefly.

9. Dissolve the DNA in TE buffer to a concentration of approx 0.2 ug/mL. Keep
at 4°C overnight.

3.2. Chemical DNA Sequencing

Genomic DNA is chemically sequenced by the Maxam-Gilbert procedure (19).
The conditions below work well for 40-80 g of DNA. DNA may be digested
with a restriction enzyme to reduce viscosity. Carrier E. coli DNA can be added
if the amount of DNA is insufficient. If necessary, the DNA solutions can be
concentrated in a vacuum concentrator or the DNA can be ethanol-precipitated
before chemical sequencing. In the analysis of methylation patterns, an unmethyl-
ated control DNA is required. This can be a plasmid, lambda DNA, or a PCR
product. It is necessary to dilute the cloned DNA with carrier DNA down to the
level of a single-copy gene. This involves a step-wise dilution of at least one
hundred thousand-fold. If desired, a methylated control DNA can be obtained
from this cloned DNA by incubation with the CpG-specific prokaryotic DNA
methyltransferase MSssl under conditions described elsewhere (20). Because
methylation analysis involves other parallel base-specific sequencing reactions,
we describe all reactions needed to read the compl ete sequence.

3.2.1. G-Reaction

1. Mix carefully on ice: 5 puL genomic DNA (40-80 pg, 200 uL DMS buffer,
1L DMS.

2. Incubate at 20°C for 3 min.

3. Add 50 uL DMS stop.

4. Add 750 pL pre-cooled ethanol (—70°C).

3.2.2. G+A Reaction

1. Mixonice: 11 yuL genomic DNA (40-80 pg), 25 pL formic acid.
2. Incubate at 20°C for 10 min.

3. Add 200 pL DMS stop.

4. Add 750 pL pre-cooled ethanol (—70°C).
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3.2.3. T+C Reaction

1
2.
3.
4.

Mix well onice: 20 pL genomic DNA (40-80 pg), 30 pL hydrazine.
Incubate at 20°C for 15 min.

Add 200 pL Hz-stop.

Add 750 pL pre-cooled ethanol (-70°C).

3.2.4. C Reaction

1

2
3,
4,

Mix well onice: 5 pL genomic DNA (40-80 ug), 15 pL 5 M NaCl. Mix well,
then add 30 pL hydrazine.

Incubate at 20°C for 15 min.

Add 200 pL Hz-stop.

Add 750 pL pre-cooled ethanol (-70°C).

Process all samples asfollows:

5.
6. Spin 15 min at 14,000 rpm in an Eppendorf centrifuge at 0—4°C.
7. Take out supernatant, re-spin.

8.

9. Add 25 puL 3 M sodium acetate, pH 5.2.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

Keep samplesin adry ice/ethanol bath for 15 min.

Resuspend pellet in 225 pL water.

Add 750 pL pre-cooled ethanol (—70°C).

Put on dry ice, 15 min.

Spin 10 min at 14,000 rpm in Eppendorf centrifuge at 04°C.

Take out supernatant, re-spin.

Wash with 1 mL 75% ethanol; spin 5 min in Eppendorf centrifuge.

Dry pellet in a Speedvac concentrator.

Dissolve pellet in 100 pL 1 M piperidine (freshly diluted).

Secure caps with Teflon tape and lid locks.

Heat at 90°C for 30 min in a heat block.

Transfer to anew tube.

Add 1/10 vol. 3 M sodium acetate, pH 5.2.

Add 2.5 vols Ethanol.

Put on dry ice, 20 min.

Spin 15 min at 14,000 rpm in Eppendorf centrifuge at 04°C.

Wash twice with 75% ethanol.

Remove traces of remaining piperidine by drying the sample overnight in a Speed-
vac concentrator. Dissolve DNA in water to a concentration of about 0.5 pg/pLL.
Determine the cleavage efficiency by running 1 pg of the samples on a 1.5%
agarose gel. Most fragments should be in a size range between 50 and 800
nucleotides (see Note 4).

. Ligation-Mediated PCR
. Mixinasiliconized 1.5 mL tube: 1 pg of cleaved DNA, 0.6 pmoles of primer 1,

and 3 uL of 5X Sequenase buffer in afinal volume of 15 L.
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217.
28.
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Incubate at 95°C for 3 min, then at 45°C for 30 min.

Cool onice, spin5s.

Add 7.5 pL cold, freshly prepared Mg-DTT-dNTP mix.

Add 1.5 pL Sequenase, diluted 1:4 in cold 10 mM Tris, pH 7.7.
Incubate at 48°C, 10 min, then cool on ice (see Note 5).

Add 6 pL 300 mM Tris-HCI, pH 7.7.

Incubate at 67°C, 15 min (heat inactivation of Sequenase).

Cool onice, spin5s.

Add 45 L of freshly prepared ligation mix.

. Incubate overnight at 18°C.

Incubate 10 min at 70°C (heat inactivation of ligase).

Add 8.4 uL 3 M sodium acetate, pH 5.2, 10 ug E. coli tRNA, and 220 pL ethanal.
Put samples on dry ice for 15 min.

Centrifuge 10 min at 4°C in an Eppendorf centrifuge.

Wash pellets with 950 uL 75% ethanol.

Remove ethanol residuesin a SpeedVac.

Dissolve pelletsin 50 pL H,0 and transfer to 0.5 mL siliconized tubes.

Add 50 uL freshly prepared 2X Tag polymerase mix containing the primers and
the enzyme and mix by pipetting.

Cover samples with 50 uL mineral oil and spin briefly.

. Cycle 18-20 times at 95°C, 1 min, 60-66°C, 2 min, and 76°C, 3 min.

Add 1 unit of fresh Taq polymerase per sample together with 10 pL reaction
buffer. Incubate 10 min at 74°C (see Note 6).

Add sodium acetate to 300 mM and EDTA to 10 mM to stop reaction and
10 pug tRNA.

Extract with 70 pL of phenol and 120 L chloroform (premixed).

Add 2.5 val. of ethanol and put on dry ice for 15 min.

Centrifuge samples 10 min in an Eppendorf centrifuge at 4°C.

Wash pelletsin 1 mL 75% ethanol.

Dry pelletsin Speedvac.

Sequencing Gel Analysis of Reaction Products

Prepare a 8% polyacrylamide gel (acrylamide: bisacrylamide = 29: 1) containing
7 M ureaand 0.1 M TBE, 0.4 mm thick and approx 60 cm long.

Dissolve pelletsin 1.5 yL of water and add 3 uL formamide loading buffer.
Heat samples to 95°C for 2 min prior to loading.

Load only one half of the sample or less using a very thin flat tip.

Run the gel until the xylene cyanol marker reaches the bottom. Fragments below
the xylene cyanol dye do not hybridize significantly.

After the run, transfer the gel (i.e., the bottom 40 cm of it) to Whatman 3MM
paper and cover with Saran Wrap.

Electroblotting of the gel piece is performed with atransfer box available from
Owl Scientific (see Note 7). Pile three layers of Whatman 17 paper, 43 x 19 cm,
presoaked in 90 mM TBE, onto the lower electrode. Squeeze the paper with a
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roller to remove air bubbles between the paper layers. Place the gel piece covered
with Saran wrap onto the paper and remove the air bubbles between the gel and
the paper by wiping over the Saran wrap with a soft tissue. Remove the plastic
wrap and cover the gel with a nylon membrane cut somewhat larger than the gel
and presoaked in 90 mM TBE. Put three layers of presoaked Whatman 17 paper
onto the nylon membrane carefully removing trapped air with aglass rod. Place
the upper electrode onto the paper. The electroblotting procedure is performed at
acurrent of 1.6 A. After 30 min, the nylon membrane is removed and the DNA
side is marked. A high ampere power supply is required for this transfer. After
electroblotting, dry the membrane briefly at room temperature. Then cross-link
the DNA by UV irradiation in acommercially available crosslinker.

8. Soak the nylon membranes in 50 mM TBE buffer, roll them onto a pipet and
transfer to 250-mL plastic or glass hybridization oven cylinders so that the
membranes stick completely to the walls of the cylinders without air pockets.

9. Pre-hybridize the membrane with 15 mL hybridization buffer for 10 min
at 62°C.

10. To prepare single-stranded probes for hybridization, which are 200-300 nucleo-
tideslong, use repeated primer extension by Taq polymerase with asingle primer
(primer 3) on a double-stranded template DNA (21). This can be either plasmid
DNA restriction-cut approx 200-300 nucleotides 3' to the binding site of primer
3 or a PCR product that contains the target area of interest. Mix 50 ng of the
restriction-cut plasmid DNA (or 10 ng of the gel-purified PCR product) with
primer 3 (20 pmoles), 100 puCi of [32P]dCTP, 10 uM of the other three dNTPs,
10 mM Tris-HCI, pH 8.9, 40 mM NaCl, 0.01% gelatin, 2 mM MgCl,, and 3 units
of Taq polymerase in a volume of 100 pL. Perform 35 cycles at 95°C (1 min),
60-66°C (1 min), and 75°C (2 min). Recover the probe by phenol/chloroform
extraction, addition of ammonium acetate to a concentration of 0.7 M, ethanol
precipitation at room temperature, and centrifugation.

11. Dilute the labeled probe into 5 mL hybridization buffer and hybridize for 16 h
at 62°C.

12. Following hybridization, wash each nylon membrane with 2 L of washing buffer
at 60°C. Perform several washing steps in a dish at room temperature with pre-
warmed buffer. After washing, dry the membrane briefly at room temperature,
cover with Saran wrap and expose to Kodak XAR-5 films. If the procedure has
been done without error, a result can be seen after 0.5-8 h of exposure with
intensifying screens at —80°C.

4. Notes

1. Cadlculation of the Tm is done with a computer program (22). Primers do not
need to be gel-purified, if the oligonucleotide synthesis quality is sufficiently
good (less than 5% of n—1 or n+1 material on analytical polyacrylamide gels). If
avery specific target area is to be analyzed, primer 1 should be located approx
100 nucleotides upstream of this target.
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2.

Primer 2 is designed to extend 3' to primer 1. Primer 2 can overlap several bases
with primer 1, but we have also had good results with a second primer that
overlapped only one or two bases with the first.

Primer 3 is the primer used to make the single-stranded hybridization probe.
It should be on the same strand just 3' to the amplification primer (primer 2)
and should have a Tm of 60-68°C. It should not overlap more than 8-10 bases
with primer 2.

It isimportant that the average fragment sizes are similar for samples that need
to be compared directly. The approximate amount of DNA used in the LM-PCR
reactions can be estimated from the relative amount of DNA visible on the gels.
This estimation allows one to obtain similar band intensities on the sequencing
gel in all lanes without having to re-run the sequencing gel to achieve equal
loading.

At 48°C, the terminal transferase activity of Sequenase is reduced resulting in
more blunt end formation. If sequence ladders are still incomplete, which may
be the case in particularly purine-rich areas, Vent exo- may be used together
with the manufacturer’s recommended buffer as described elsewhere (23). In this
case, the DNA is precipitated before the ligation step.

This step isto completely extend all DNA fragments and add an extra nucleotide
through Tag polymerase’s terminal transferase activity. If this step is omitted,
double bands may occur.

The advantages of the hybridization approach over the end-labeling technique
(24) have been discussed previously (15).
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Methylation-Sensitive Restriction Fingerprinting

Catherine S. Davies

1. Introduction

Methylation of cytosine residues is an aimost ubiquitous finding of higher
organisms (1). The mgjority of this methylation occurs at the dinucleotide CpG
(where p denotes a phosphate group) (2). CpG sites are distributed throughout
the genome with clusters of the sequence being found in the 5’ promoter region
of housekeeping genes, in groups known as CpG islands. These short stretches
of DNA have a have a C and G base composition, which in mammals and
aviansis estimated to be 10 times higher than in bulk DNA (3).

Typically, CpG islands are unmethylated, the notable exception being the
inactive X-chromosome (4). De novo methylation of the idand is prevented by
the Spl elements, which are located upstream of the gene (5). The maintenance
of the unmethylated state is necessary for the expression of the related gene (6).

Investigationsin recent years have identified anumber of alterationsin DNA
methylation common to most transformed cells, which have profound effects
on DNA structure and function (6). Increased levels of DNA methyltransferase
activity and development of localized regions of hypermethylation have been
linked to the inactivation of tumor-supressor genes (7-10). This, together with
the finding that tumor genomes are susceptible to the loss of methylation from
normally methylated sites, suggests that methylation-mediated deregulation of
tumor genomes may play a pivotal role in the development and progression
of the neoplastic state

As a result, numerous techniques to investigate DNA methylation have
been described. The advent of the technique methylation-sensitive restriction
fingerprinting (MSRF), has provided a tool to alow the methylation status
of CpG sites throughout the entire DNA genome to be analyzed. MSRF is a

From: Methods in Molecular Biology, vol. 200: DNA Methylation Protocols
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PCR-based technique that, by virtue of the properties of methylation-sensitive
restriction enzymes, is biased towards the study of CpG sites. The DNA
fingerprints generated through this procedure are be analyzed and regions
of aberrant methylation in tumor genomes relative to normal DNA can be
detected.

M SRF has previously been used to study the methylation status of CpG sites
in samples derived from patients with chronic myeloid leukemia, leukemia
cell lines, and in the study of breast carcinomas (11). In this chapter, the
application of the technique M SRF to the detection and sequence characteriza-
tion of regions of genomic DNA that undergo methylation changes during
carcinogenesis is described.

2. Materials
2.1. DNA Extraction

1. 10X Cell lysis buffer: 3 M NH,CI, 0.1 mM ethylenediaminetetraacetic acid
(EDTA), 0.2 M K,COs,.

. 20% sodium dodecy! sulfate (SDS).

. 1X PBS: 80 mM Na,HPO,, 20 mM NaH,PO,.2H,0, 10 mM NaCl, pH 7.5.

. Proteinase K (10 mg/mL) (Gibco BRL).

Phenol/Chloroform (50: 50 v/v).

100% Ethanol.

. 70% Ethanol.

. 1X TE buffer: Tris-HCI, pH 7.5, 0.05 mM EDTA, pH 8.0.

. Restriction Enzyme Digests

BstUI (New England Biolabs).

Msel (New England Biolabs).

BSA (10 mg/mL) (New England Biolabs).

Restriction enzyme buffer: 50 mM Tris-HCI, pH 8.0, 10 mM MgCl..

N N
NE W PONMNE N OoNOODMWN

. PCR Amplification

. 0-%2P dCTP (specific activity 3000 mmole/lCi) (Amersham Pharmacia).
. PCR primers.
Al 5 -AGCGGCCGCG
A2 5 -ACCCCAGCCG
A3 5 -TGGTCGGCGC
A4 5 - GCACCCGACG
. 10 mM dNTPs (dATP, dCTP, dGTP, dTTP) (Perkin Elmer).
. Tag DNA polymerase (Perkin Elmer).
. Dimethylsulphoxide (DM SO).
.10 mM MgCl..

[o2 &2 F S OV)
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7.

8.

2.
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10X polymerase chain reaction (PCR) Buffer: 100 mM Tris-HCI, pH 8.3, 500 mM
KCl, 15 mM MgCl,, 0.01% (w/v) gelatin (Perkin Elmer).
Mineral oil.

. Polyacrylamide Gel Electrophoresis

. Acrylamide (40%, 19: 1 Acrylamide:bisacrylamide)
. 10X TBE: 450 mM Tris-borate, 10 mM EDTA, pH 8.0.

N,N,N',N’-tetraethylenediamine (TEMED).

. 10% Ammoniumpersul phate.
. 6X Bromophenol blue loading dye: 0.25% bromophenol blue, 0.25% xylene

cyanol, 30% (v/v) glycerol.
Kodak X-Omat film.

. Elution of DNA

. 3 M Sodium acetate, pH 5.2.

. Glycogen (10 mg/mL) (Sigma).
. 100% Ethanol.

. 85% Ethanol.

. Southern Blotting

Agarose (electrophoresis grade) (Gibco BRL).
10X TBE.
Ethidium bromide (10 mg/mL).

. 0.125 M HCI.

Denaturation solution; 0.66 M NaCl, 0.5 M NaOH.
Neutralization solution: 0.66 M NaCl, 0.5 M Tris-HCI.
Hybond N nitrocellulose membrane (Amersham Pharmacia).

. 0-32P dCTP: (specific activity 3000 mmole/uCi).
. Denhart’s solution: 0.1 M Ficoll 400, 0.1 M polyvinyl pyrrolidone, 10 mg/mL

bovine serum albumin (BSA) portionV (Sigma).

. Hybridization solution: 1X SSPE, 1% SDS, 1.25X Denhart’s solution.
. 10X SSPE: 3M NaCl, 0.2 M Na,HPO,, 0.2 M EDTA.
. Kodak X-Omat film.

. Cloning

. PCR Trap cloning kit (Genhunter)
. Luria-Bertani Medium: 10 g/L Bacto-Tryptone, 10 g/L NaCl, 5 g/L Yeast

extract.

. Luria-Bertani Agar: 10 g/L Bacto-Tryptone, 10 g/L NaCl, 5 g/L Yeast extract,

15 g/L Agar.

. Tetracycline (200 mg/mL) (Sigma).
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. Sequencing

. ABI Big Dye cycle sequencing kit (Perkin Elmer).

3 M NaCl.

. 95% Ethanol.

. 70% Ethanol.

. Sequencing loading dye: 85% de-ionized formamide, 15% 25 mM EDTA with
dextran blue (50 mg/mL).

agrwdNdPE

3. Methods
3.1. DNA Isolation

Genomic DNA can be easily isolated from uncoagulated peripheral blood
samples. For our purposes 4 mL specimens were collected into vacutainers
containing lithium heparin (Becton Dickinson). Genomic DNA can beisolated
as detailed below.

1. Erythrocytes are lysed in 2X volume of cell lysis buffer by continuous rotation
for 1 h at room temperature.

2. The lysed blood cells are harvested by centrifuged at 1400g for 20 min and the
resulting pellet resuspended in 15 mL of 0.2 M Sodium Acetate, 1 mL of 20%
SDS and 100 pL of proteinase K. The sample isincubated overnight at 37°C.

3. DNA isextracted by the addition of an equal volume of phenol/chloroform and
centrifugation at 3000 rpm for 20 min.

4. The uppermost agueous phase is collected and the DNA precipitated using
2 volumes of 100% ethanol.

5. The DNA is removed from the solution using a glass hook, washed in 70%
ethanol, and dissolved in an appropriate volume of 1X TE buffer to give a final
concentration of ~1 pg/pL.

3.2. DNA Digests

The use of methylation-sensitive restriction enzymes allows for discrimina-
tion between methylated and unmethylated sequences of the genome. For this
application we have used the enzyme BstUI, which will cleave unmethylated
CpG sites but leave methylated CpG sequences intact.

1. For each DNA sample, duplicate eppendorf tubes containing 1 ug of DNA are
set up.

2. Toone of each pair of tubes 10 U of BstUI is added.

3. 10X reaction buffer is added to all tubes and the total volume made up to 10 pL
with distilled H,0. All samples are incubated at 60°C for 2 h.

4. Upon completion of the digest reaction the sasmples are cooled onice and 10 U of
Msel added to both sample tubes (Msel cuts DNA, at non-CpG sites, generating
fragments of a size that can be more easily analyzed). Appropriate quantities
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3.3.
1

3.4.

of BSA are added to each sample to give afina concentration of 1 pg/uL. The
digestion is carried out by incubation at 37°C for 16-20 h.

PCR Amplification

100 ng of digested DNA is mixed with 0.4 uM of primer A1 and 0.4 uM of either
A2, A3, or A4, 5% (v/v) DMSO, 200 uM dNTPs, 12.5 uL a%?P dCTP, 0.2U Taq
DNA polymerase, 1 mM MgCl,. The sample volume is made up to 10 pL with
distilled H,0O and overlaid with minera oil.

The DNA is amplified in a Perkin Elmer thermal cycler under the following
conditions:

TD  94°C,2min

TA  40°C, 1 min

TE  72°C,2min x 35 cycles

Following completion of the final cycle an additional extension period of
10 min at 72°C is added.

Samples are best analyzed immediately, however, can be kept overnight at 4°C.
If unavoidable, long-term storage should be at —20°C.

Polyacrylamide Gel Electrophoresis

Polyacrylamide gel electrophoresis (PAGE) can be used to separate small
DNA fragments with high resolution

1

w

~No oM

3.5.

An appropriate volume of acrylamide stock (40% 19:1 acrylamide:bis-
acrylamide), to produce 4.5-6% gels, is mixed with 1X TBE in a total volume
of 100mls.

. The acrylamide solution is polymerized by the addition of 100 uL of TEMED

and 500 pL of 10% APS. The gel is poured between two glass plates (dimensions
52 x 38cm) and allowed to set for 1 h.

. When polymerized, the gel is placed into the electrophoresis apparatus and the

reservoirs filled with 1X TBE buffer.
To each sample, 2 UL of bromophenoal blue loading dye is added.

. 4 L of sampleisloaded, in triplicate, onto the gel.

The samples are separated by electrophoresis at 1600V/60W for 2-5 h.

. Following electrophoresis, the glass plates are separated and the gel taken up

on to 3MM filter paper. The gel is covered with Saran wrap and placed on a gel
dryer at 70°C for 50 min.

. Exposure of the gel to Kodak X-Omat film for 1248 h at room temperature

allows for restriction fingerprint patterns to be generated.

Elution of DNA from Polyacrylamide Gels

DNA fragments of interest, identified by analysis of restriction fingerprint
profiles (see Subheading 4.), can be excised from the gel to allow for charac-
terization of the DNA sequence.
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. The area of gel corresponding to the region of interest is spliced out of the

restriction fingerprint profile and placed into 0.65 mL Eppendorf tube containing
100 pL of distilled water.

. Following incubation at room temperature for approx 1 h, the sample is heated to

95°C for 10 min before centrifugation at 800g for 5 min.

. DNA is precipitated from the resulting supernatant by the addition of 10 uL 3 M

sodium acetate, 5 uL glycogen, and 450 uL 100% EtOH.

. The DNA is harvested by centrifugation at 800g for 10 min and the resulting

pellet washed in 250 pL of chilled 85% EtOH.

. The DNA isresuspended in 10 pL of distilled H,O.

. Characterization of Abnormally Methylated DNA Fragment
. Four pL of DNA eluted from the gel fragment is re-amplified in a PCR reaction

employing theidentical conditions to those described in Subheading 3.3.

. To facilitate the identification of the abnormally methylated DNA fragment a

sequencing reaction is performed. The sequence of the PCR product can then be
determined. In our applications this was undertaken using the ABI Big Dye cycle
sequencing kit in accordance with the manufacturer instructions.

Confirmation of Altered Methylation Status

Southern hybridization is used to confirm the altered methylation status
of the previously characterized DNA fragments. The procedure employed is
asfollows:

1

Five ug of duplicate genomic DNA samples are digested with 10 U Mspl in the
presence or absence of 10 U of the methylation-sensitive restriction enzyme
Hpall.

The digested DNA samples are mixed with 6X loading buffer and separated by
electrophoresis, which is carried out at 50 V/mA through a 1% agarose gdl in
1X TBE running buffer.

Once the bromophenol blue dye front has reached the end of the gel, the
electrophoresisis complete. The gel is soaked in 200 mL of neutralizing solution
for 10 min, rinsed in distilled water before incubation in denaturation solution
for 30 min.

The gdl is then inverted, placed onto a solid support and the DNA transferred
onto nitrocellulose membrane by capillary blotting in a system using 10X SSC as
the transfer buffer. This procedure is carried out in accordance with the protocol
first described by Southern (12).

Transfer of the DNA from the gel to the nitrocelluose membrane takes 12—16 h.
When transfer is complete, the DNA is fixed to the nitrocellulose membrane
by baking at 80°C for 2 h.

Ten pg of cDNA obtained in Subheading 3.5. is used as a probe to confirm the
altered methylation status. The probe is radiolabeled using a rapid multiprime
DNA labeling kit used in accordance with the manufacturers’ instructions.
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Gel lanes

Methylation conditions Tumor DNA Normal DNA

in tumor DNA
B/M M B/M M

(lane 1) (lane 2) (lane 3) (lane 4)

1. No Methylation — —_—

2. Normal Methylation _— — —_— _—

3. Hypermethylation
a) Complete R —
b) Partial —

4. Hypomethylation
a) Complete
b) Partial

(Key B - BstUI; M — Msel; —— band of full intensity; - band of half intensity)

Fig. 1. Possible banding pattern outcomes following M SRF.

7. Unincorporated nucleotides are removed form the probe by passing the sasmple
through a push column system.

8. Half the volume of the purified probe is denatured by heating at 95°C for 10 min
and immediately cooled on ice. The radiolabeled probed is added to 20 mL of
hybridization solution and incubated overnight with the nitrocellul ose filter.

9. Following incubation thefilter is stringently washed for 10 minin 10 mL of each
2X SSPE, 0.1% SDS, and 1X SSPE, 0.1% SDS.

10. The membrane is exposed to Kodak X-Omat film for 24-72 h at —70°C.

3.8. Interpretation of Results

Application of MSRF to the study of DNA methylation generates informa-
tion regarding the methylation status of CpG islands within the DNA genome.

Using this approach, four different methylation states can be distinguished,
as illustrated in Fig. 1. In outcome 1, PCR products are generated only in
DNA from normal or tumor samples digested with Msel alone (i.e., lanes 2
and 4). The absence of productsin lanes 1 and 3 is due to BstUI digestion at an
unmethylated restriction site in the given genomic region.

In outcome 2, equally intense bands are observed in all four lanes; this can
be caused by two situations. Firstly, the CGCG site(s) at the given genomic
sequence is methylated in both tumor and normal DNA and, therefore will not
be restricted by BstUI. Alternatively, in this particular region of the genome
there may be no BstUI restriction sites and amplification of this region is
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permitted. Outcome 3 represents the case of an abnormal hypermethylation
event. Thissituation is distinguished by the presence of aband, indicating PCR
amplification, in the double-digested tumor DNA.. If the hypermethylation at
thisregionis exclusive to tumor DNA (outcome 3a), a corresponding band will
not be observed following double digestion of hormal DNA.

However, if this region of the DNA were partially methylated in normal
DNA but becomes fully methylated in tumors, the banding pattern illustrated
in outcome 3b would be generated. Finally, MSRF facilitates the detection
of hypomethylated regions of the genome in tumors, as shown in outcome 4.
In this situation a loss or reduction in band intensity in double-digested tumor
DNA (lane 1) in comparison to the presence of afully intense band in double-
digested normal DNA (lane 3) is observed.

4. Notes

1. DNA extraction from cultured cells. To investigate the methylation status of
CpG sitesin cell-line models genomic DNA can be extracted from tissue-culture
samples. Sufficient DNA may be obtained from 1 x 107 cells, which can be
harvested by centrifugation at 800g for 10 min. The resulting cell pellet should
be washed in 1X PBS and resuspended in 10 mL of cell-lysis buffer. DNA is
extracted as described in Subheading 3.1.

2. Re-amplification of DNA extracted from bands excised from polyacrylamide gel
can be problematic dueto the low yield associated with 10-mer arbitrary primers.
To overcome this problem several cycles of PCR may be necessary to obtain
sufficient DNA for detection and cloning. Alternately, discrimination primers
may be employed. These 20-mer primers consist of the original 10-mer sequence
with additional 5' sequences that have different overhang restriction sites. These
primers improve amplification efficiency due to the extra stability associated
with longer sequences. The design and application of these primers are described
in detail by Zeng et a. (13).
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Restriction Landmark Genome Scanning

Joseph F. Costello, Christoph Plass, and Webster K. Cavenee

1. Introduction

Restriction landmark genomic scanning (RLGS) is a method that provides
both a quantitative genetic and epigenetic (cytosine methylation) assessment
of thousands of CpG islands in a single gel without prior knowledge of gene
sequence (1). The method is a two-dimensional separation of radiolabeled
genomic DNA into nearly 2,000 discrete fragmentsthat have ahigh probability
of containing gene sequences and are ideal in length for cloning and sequence
analysis. Genomic DNA is digested with an infrequently cutting restriction
enzyme such as Notl, radiolabeled at the cleaved ends, digested with a second
restriction enzyme, and then electrophoresed through a narrow, 60 cm-long
agarose tube-shaped gel. The DNA in the tube gel is then digested by a
third, more frequently cutting restriction enzyme and electrophoresed, in a
direction perpendicular to the first separation, through a 5% nondenaturing
polyacrylamide gel, and the gel is autoradiographed. Radiolabeled Notl sites
are frequently used as “landmarks’ because Notl can not cleave methylated
sitesand since an estimated 89% of Notl sitesarewithin CpG islands (2). Using
a methylation-sensitive enzyme, the technique has been termed RLGS-M (3).
The resulting RLGS profile displays both the copy number and methylation
status of the CpG islands. These profiles are highly reproducible and are
therefore amenable to inter- and intra-individual DNA sample comparisons.

To increase the number of fragments analyzed by RLGS, the DNA samples
can be processed with adifferent series of enzymes. The choice of a“landmark”
enzymeiscritical sincethissite determinesthe bias of the displayed fragments.
To maintain a strong bias for CpG islands, landmark enzymes such as Notl,
BssHII, or Eagl are generally used. Alternatively, a different second and/or
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third restriction enzyme may be used along with same landmark enzyme to
display adifferent subset of fragments.

Differences between RLGS profiles have been used to identify important
genes involved in normal cellular processes and in disease states. Two novel
imprinted genes, one encoding a ribonucleoprotein auxiliary factor and the
second encoding Cdc25Mm, were isolated using this approach (4,5). By
determining the proportion of DNA fragments on RLGS profiles that display
a potentially imprinted pattern, it has been possible to obtain an estimate of
the total number of imprinted genes in the genome (4). These genomic loci
were identified as having a parent-of-origin-specific methylation pattern and
indicated that a 50% change in the intensity of a single-copy DNA fragment
was readily detectable in an RLGS profile. Such a reduction is also apparent
in X-chromosome specific fragments derived from either males or females,
since there is methylation-related inactivation of one X chromosome in the
latter. Similarly, comparison of profiles from normal individuals to those from
Down’s Syndrome patients has revealed a proportional increasein the intensity
of many chromosome 21 specificloci. Several chromosome 21 CpGislandswere
methylated on one copy of chromosome 21 and potentially represented an atten-
uation mechanism allowing for viability of atrisomy chromosome 21 fetus (6).
RLGS and standard positional cloning have also been combined to identify the
gene responsible for cardiomyopathy in Syrian hamsters and to identify
themousereeler gene (7,8). Normal genetic variation among related individuals
has also been detected by RLGS (9). Thus, RLGS can be used for widespread
methylation analysis of CpG islands and also to define a level of genetic or
epigenetic changein cells.

This approach has been used to identify novel tumor-specific targets of
DNA amplification, aberrant CpG island methylation, and repetitive sequences
that are demethylated in human cancer and in experimentally induced rodent
tumors (10-12). For example, the gene encoding human cyclin-dependent
kinase-6 (CDK®6) was identified as a novel target of DNA amplification in
human brain tumors (12). Similarly, the tumor-suppressor gene, P16/INK4,
as well as a variety of other CpG islands were identified as frequent targets
of aberrant methylation in mouse liver tumors induced by tissue-specific
expression of an SV-40 transgene (10).

The chromosomal origin of the majority of DNA fragments displayed on
RLGS profiles has been mapped by chromosome-assigned RLGS (CA-RLGS)
(13). CA-RLGS profileswere generated from flow-sorted human chromosomes
and then each individual chromosome-specific profile was integrated into
a total genomic DNA profile. In mouse, a more detailed linkage between
1045 DNA fragments displayed on RLGS profiles and specific loci within
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each chromosome has been generated from profiles derived from a panel of
recombinant inbred mouse strains (14).

RLGS-M has significant advantages when compared to polymerase chain
reaction (PCR)-based global methylation-analysis techniques. First, there is a
greater than 90% biastoward display of CpG island-containing DNA fragments
when using Notl, which is critical since CpG islands are tightly linked with
genes (15). CpG island bias is especialy important in examining cancer-cell
genomes for altered methylation as the magjority of such changes occur in
noncoding, potentially nonfunctional regions of the genome. Certain repetitive
elementsin the genome are also rich in CpG dinucleotides and can be subjected
to methylation changes in cancer cells (11). These repetitive elements are
displayed as high copy-number fragments on RLGS profiles, distinguishing
them from single-copy CpG islands. Second, several thousand CpG island
fragments can be analyzed simultaneously, whereas other methylation scan-
ning methods visualize 10-fold fewer methylation sites. Third, quantitative
information for each fragment can be derived directly from the profiles and
compared to that obtained from many fragments that are of similar size and
are invariant in intensity between samples. Fourth, since RLGS does not
involve PCR amplification, the particular CpG islands that are displayed are
not restricted by the limited ability of PCR enzymes to amplify GC-rich
templates.

2. Materials
2.1. Isolation of Genomic DNA

1. Liquid nitrogen.

2. Mortar and pestle.

3. Heavy-duty aluminium foil.

4. Hammer.

5. 50-mL tubes.

6. Dialysistubing (3/4in x 25 ft) (Gibco BRL).

7. 100% ethanol.

8. Phenal.

9. Chloroform.

10. Isoamyl alcohal.

11. Dialysis clips/closures (Spectra/Por).

12. Proteinase K.

13. RNAseA (Boehringer Mannheim).

14. Sarkosy! (Fluka).

15. 8-hydroxyquinoline (Sigma).

16. Lysisbuffer: 10 mM Tris-HCI, pH 8.0, 150 mM EDTA, pH 8.0, and 1% sarkosy!.
17. PCI: phenol : chloroform: isoamylalcohol in the ratio 50:49: 1.
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. Enzymatic Processing of Genomic DNA

. Wide-bore pipet tips.
. Dithiothreitol (DTT).
. Triton X-100.

Bovine serum albumin (BSA).

dGTPaS, dCTPaS, ddATPR, ddTTP, ddGTPR, ddCTP (Pharmacia).
DNA polymerase | (3.5 U/uL, Boehringer Mannheim).
Sequenase ver 2.0 (13 U/uL, USB/Amersham).

. Not | (10 U/uL).

. EcoRV (10 U/pL).

. Hinf I (70 U/uL) (Promega).

. [0-32P]-dGTP: 20 mCi/mL, 6000 Ci/mmol (New England Nuclear).

. [0-32P]-dCTP: 10 mCi/mL, 6000 Ci/mmol (Amersham).

. 10X Buffer 1: 500 mM Tris-HCI, pH 7.4, 100 mM MgCl,, 1 M NaCl, 10 mM

DTT (store at —20°C).

. 20X Buffer 2: 3 M NaCl, 0.2% Triton X-100, 0.2% BSA (store at —20°C).
. Blocking buffer: 1 yL 10X buffer 1, 0.1 pL 1 M DTT, 0.4 pL each of 10 uM

dGTPasS, 10 uM ddATP, 10 uM ddTTPR, and 0.2 pL. 10 mM dCTPa'S (make stock
and store in aliquots at —20°C)

Second enzyme digestion buffer: 1 uL 1 uM ddGTPR, 1 pL 1 uM ddCTP,
4.4 uL ddH,0, 1.2 yL 100 mM MgCl..

6X Loading dye, first-dimension; 0.25% bromophenol blue (BPB), 0.25% xylene
cyanol (XC), 15% Ficoll type 400.

. First-Dimension Gel Set-Up and Electrophoresis

. First-dimension gel apparatus (C.B.S Scientific and EverSeiko Corp., Tokyo).
. PFA-grade Teflon tubing for the first-dimension gel: 2.4 mmi.d., 3.0 mm o.d.,

10 M, sufficient for at least 16 gels; PFA 11 thin-wall, natural (American Plastic,
Columbus, OH).

. Glass tubes (4 mmi.d., 5 mm o.d., and 60 cm) with a tapering at the top end

extending over 1.2 cm to afinal dimension of 3 mmi.d.).

. Two-way stopcocks (4-8).
. Flexible Tygon tubing (3/16 in. i.d., 1/4in. o.d., VWR).

Seakem GTG agarose (do not substitute).

. 20X Boyer’s buffer: 1 M Tris, 360 mM NaCl, 400 mM sodium acetate, 40 mM

EDTA, autoclave. Important: Boyer's buffer is used at 2X concentration for the
gel and running buffer.

. Salmon sperm DNA (500 pg/mL).
. 20% Trichloroacetic acid (TCA).

10.
11

Whatman GF/F filter.
First-dimension gel (0.8%); 0.48 gm agarose, 60 mL 2X Boyer's buffer.
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In-Gel Digest

Digest tubing: PFA-grade teflon, 9, thin-wall, natural, 2.7 mm i.d. and approx
3.3 mm o.d. (American Plastic).

. 10-mL syringe.

. 10X Buffer K; 200 mM Tris-HClI, pH 7.4, 100 mM MgCl,, 1 M NaCl, autoclave.
. Hinfl (70 U/uL; Promega).

. Second-Dimension Electrophoresis

. Fiveglass plates.

8 spacers.

. 1 Plexiglas sheet (C.B.S. Scientific).
. Flexible tubing (1/8in.i.d.,3/16 in. 0.d., VWR).

Three-way stopcock.
10-mL syringes.

. 60-mL syringes.

. “Plastic” tape (Scotch brand, do not substitute).

. Whatman paper (3 for each gel, 13.5in x 16.5in).

. 10X TBE, pH 8.3.

. Connecting agarose; 1X TBE, pH 8.3, 0.8% Seakem GTG agarose.

. Second-dimension loading dye; TE, pH 8.0, 0.25% BPB, 0.25% XC.

. 5% Nondenaturing polyacrylamide gel; 1X TBE, pH 8.3, 96.9 gm acrylamide,

3.3 gm bis-acrylamide, 1.3 gm ammonium persulfate (APS) in a total volume
of 2L.Add 700 mL TEMED before pouring the gel. Makes 4 gels (one second-
dimension apparatus).

2.6. Analysis of RLGS Profiles

1
2.
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Light box.
Clear acetate sheets.

. Cloning of DNA Fragments
. Notl , EcoRV and Hinf | (Promega).

Sequenase ver. 2.0 (USB).

T4 DNA ligase, (New England Biolabs).

Tag DNA polymerase (Boehringer Mannheim).
TE buffer, pH 8.0.

0.1% Triton X-100.

PCI.

3 M sodium acetate.

7.5 M ammonium acetate.

. Ethanol (100%).
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10 mM dNTP mix: [a-32P]-dGTP: 20 mCi/mL, 6000 Ci/mmol (New England
Nuclear); [a-32P]-dCTP: 10 mCi/mL, 6000 Ci/mmol (Amersham), 50% PEG
6000

Notl-restriction trapper (Japan Synthetic Rubber Co., Tokyo).

Electroeluter (Biocraft, Japan).

Primers (not phosphorylated).

F-1: 5-TACGTCGAACGCCAGGGTTTTC-3'

F-2: 5-CCAGTCACGACGCGGCCGC-3

R-1: 5-AGCAGTCCGGATATCCTGGTG-3'

R-2: 5-GATATCCTGGTGCAGTACAGANTC-3

NOTI-1: 5'-TACGTCGAACGCCAGGGTTTTCCCAGTCACGACGC-3'
NOTI-2: 5-GGCCGCGTCGTGACTGGGAAAACCCTGGCGTTCGACGTA-3
HINFI-1: 5-ANTCTGTACTGCACCAGGATATCCGGACTGCT-3

HINFI-2: 5-AGCAGTCCGGATATCCTGGTGCAGTACAG-3'

1% Linearized acrylamide; Add 1 g acrylamide, 0.01 gAPS, and 15 mL TEMED
in 10 mL ddH,O. Dilute to appropriate concentration by adding 90 mL ddH,O
after acrylamide is solidified.

6X loading dye; 0.25% bromophenol blue, 0.25% XC, 15% Ficoll type 400
(Pharmacia) in water.

Elution dye: mix 95 uL 7.5 M ammonium acetate and 5 L 6X loading dye

3. Methods
3.1. Isolation of Genomic DNA

DNA quality is a critical parameter for generating high-quality RLGS
profiles. Small amounts of degraded DNA can cause a diffuse background.
Therefore, tissue and cell pellets should be snap-frozen in liquid nitrogen
and stored at —80°C prior to isolation. The DNA isolation procedure follows
published protocols (16) with several modifications.

1

Add 2 mL lysis buffer (without proteinase K) to 100-300 mg tissue in a 50 mL
Falcon tube and freeze in liquid nitrogen. Expel the frozen tissue and buffer,
wrap it in aluminium foil, and quickly break into pieces with a hammer. Keep
the foil/tissue cold by submerging it in liquid nitrogen.

Transfer the tissue to a mortar (pre-chilled in liquid nitrogen) and grind to a
powder with a pre-chilled pestle. Transfer the tissue powder into a 50-mL tube
and storein liquid nitrogen until all samples are processed.

Add 15-25 mL of lysis buffer and proteinase K (0.1 mg/mL final conc. in lysis
buffer). Mix gently using aglass rod or 1-mL disposable pipet. Incubate at 55°C
for 20 min, mixing very gently every 5 min.

Cool the lysed samples on ice for 10 min. Add an equal volume of PCI. Rotate
tubes gently for 30-60 min.
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5. Centrifuge for 30 min at 2500 rpm and transfer the DNA (aqueous phase) to a
50-mL tube using a wide-bore pipet. Repeat the PCI extraction.

6. Transfer the DNA into dialysistubing and dialyzeagainst 4 L of 10 mM Tris-HCI,
pH 8.0, for 2 h. Transfer the tubing into fresh 10 mM Tris-HCI and dialyze over-
night at room temperature. Dialyze in fresh 10 mM Tris for an additional 2 h.

12. Transfer the DNA to 50-mL tubes and add RNase A to afinal concentration of
1 mg/mL. Incubate at 37°C for 2 h.

13. Add 2.5 vol 100% ethanol to the DNA and rotate gently.

14. Transfer the pellet to a microfuge tube, centrifuge briefly, and remove the
remaining ethanol. Do not over-dry the pellet. For smaller amounts of tissue, it
may be necessary to collect the DNA by centrifugation at 3000 rpm. Discard the
ethanol and briefly air-dry the pellet.

15. Resuspend the DNA to a final concentration of approx 1 mg/mL (may take
several days). To check for DNA degradation, electrophorese a small amount of
the DNA on a standard 0.8% agarose gel. DNA isolated in this manner has an
average size of 200-300 kb and should be transferred with positive displacement
pipets.

3.2. Enzymatic Processing of Genomic DNA

Genomic DNA isfirst blocked at sheared sites by the addition of dideoxy-
nucleotides and sulfur-substituted nucleotides. The DNA is digested with an
infrequent cutting restriction enzyme, end-labeled at the restriction sites, and
then digested with a second restriction enzyme. To prevent nonspecific shearing
of the DNA during this procedure, wide-bore pipet tips should be used for
transferring the DNA, and all reactions must be mixed by stirring, rather than
pipeting. The protocol below describesin detail the procedure and solutionsfor
the most frequently used restriction enzyme set (Notl, EcoRV, Hinf 1), although
many different methylation-sensitive and insensitive restriction enzymes may
be used (see Table 1).

1. Ina1.5-mL tube add 7 pL genomic DNA (0.2-0.6 pg/pL), 2.5 pL blocking
buffer, and 0.5 pL DNA polymerase I, mix thoroughly by stirring, and incubate
reaction at 37°C for 20 min. (Transfer the DNA with awide-bore pipet tip. Do not
pipet to mix. Using a master mix increases the uniformity among samples.)

2. Incubate the reaction at 65°C for 30 min to inactivate the polymerase. Cool the
reaction on ice for 2 min, centrifuge briefly at high speed.

3. Add to the sample 8 pL 2.5X buffer 2, 2 pL Notl (10 U/pL) and stirred to mix
thoroughly. Incubate at 37°C for 2 h.

4. Addtothesample0.3uL 1M DTT, 1 pL [a-%?P]-dGTP, 1 pL [a-32P]-dCTPR, and
0.1 pL Sequenase ver 2.0 (13 U/pL; use a master mix). Mix thoroughly by
stirring and incubate at 37°C for 30 min.
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Table 1

Examples of Additional Enzyme Combinations
Enzyme Combination Reference
Notl/EcoRV/Hinf | D
Notl/Pvul l/Pst (10)
Notl/Pstl/Pvull (8)
Notl/BamHI/Hinf | (8)
BssHI1/Pvull/Pstl (8)
BssHI1/BamHI/EcoRl (8)
BssHI1/BamHI/EcoRV (8)
Pacl/EcoR 1/Mbol (21)

(methylation-insensitive)

5. Add to the sample 7.6 pL second-digestion buffer and 2 uL EcoRV (10 U/pL).
Mix by stirring and incubate at 37°C for 1 h. Cool oniceand add 7 L of 6X first-
dimension loading dye. To confirm that the DNA was digested to completion,
check 2.5 pL of the reaction on a standard 0.8 % agarose gel.

3.3. First-Dimension Gel Set-Up and Electrophoresis
3.3.1. Measurement of DNA Amount

A critical factor in the first-dimension electrophoresis is loading the correct
amount of labeled DNA on the gel. Loading more than 1.5 pug may cause
smearing of high molecular-weight DNA fragments. Loading less than 1 ug
may result in aless intense profile, but longer film exposure times may com-
pensate for this.

For visua determination of the concentration of the DNA in each sample,
co-electrophorese control restriction enzyme-digested DNA in the range of
0.2-1 pg on a standard 0.8% agarose gel. Approximate the microliter amount
of the samplethat will contain 1.5 pg. Thisisthe maximum amount that should
be loaded on the first-dimension gel. Alternatively, the amount of sample to
be loaded on the first-dimension gel can be determined by loading a constant
amount of incorporated radiolabel (steps 1-3 below).

1. Mix 2 pL of each sample with 100 pL salmon sperm DNA (500 pg/mL) and add
100 mL 20% TCA. Incubate for 10 min on ice.

2. Filter each sample through a Whatman GF/F filter. Wash each filter twice with
10 mL 20% TCA.

3. Measure the dpms on each filter using a scintillation counter.
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For mouse genomic DNA, loading 130,000 dpm is sufficient. For human
genomic DNA, 450,000 dpm should be loaded. These values may vary with
the quality of the DNA.

3.3.2. First-Dimension Gel

1

2.

10.

11

12.

Gel holder: Using a sharp razor, cut one end of the Teflon tubing at an angle
to make a bevel.

Feed the beveled end into the glass rod until it protrudes slightly from the tapered
end. Using a hemostat, pull the beveled end up through the tapered end of the
glassrod until it protrudes 2—4 cm.

Cut the tubing horizontally at the same end, leaving a 2-mm protrusion (thisis
the top of the gel holder).

Cut the opposite end horizontally to leave a 5-6 cm protrusion from the glass rod.
Invert the gel holder and press the top protruding end firmly against a hot metal
surface (metal spatula heated by a Bunsen burner) to fold the edges of the Teflon
outward onto the rim of the glass support, making sure to avoid folding the edges
inward and sealing the tubing.

Pull arubber stopper with cored center over the top end of the gel holder until it
isjust past the taper of the glassrod. It isessential that al tubing is clean and free
of liquid and particulate matter. The Teflon tubing should be rinsed by suctioning
through ddH,O and then dried by continued application of the vacuum.

Attach atwo-way stopcock to a 10 mL syringe and then to the gel holder via2-3
cm of flexible tubing. Adjust the stopcock valve to the open position.

In a clean 200-mL glass bottle, add 60 mL 2X Boyer’'s buffer and 0.48 gm
Seakem GTG agarose (0.8 %). Weigh the solution. Microwave until the agarose
is dissolved, stopping occasionally to swirl the contents and to avoid boil-over.
Weigh the solution and add ddH,O to return to the starting weight. Equilibrate
the gel solution to 55°C in a water bath.

With the stopcock valve in the open position, lower the protruding Teflon tube
into the molten agarose solution. Suction the gel solution into the gel holder
until the gel solution has reached 1-2 cm from the top of the gel holder and then
close the stopcock valve. Keeping the gel upright, suspend the gel from aring
stand. Add a drop of gel solution to the bottom of each Teflon tube to allow for
the slight gel shrinkage during the drying period. Allow the gel to solidify for a
minimum of 20 min (60 mL gel solution is sufficient for 8 gels).

Open the stopcock valve and remove the syringe and connecting tubes from
each gel.

After adding 2X Boyer’s buffer to the bottom of the first-dimension apparatus
(to approx 5 cm from the bottom), lower the gels into the first-dimension gel
apparatus, seating the rubber stopper firmly into the appropriate holes in the
top portion of the apparatus.

Fill the top chamber with 2X Boyer’s buffer until the tops of the gels are
submerged. Remove air bubbles from the space between the top of the gel holder
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and the top of the gel. The sample will not run properly if the gel or the loading
well contains bubbles or particul ate matter.

Load an appropriate amount of sample onto each gel. Electrophorese at 110 V
for 2 h, and then 230 V for approx 24 h (or until the BPB dye has reached 10 cm
from the bottom of the lower buffer chamber).

. In-Gel Digest
. Remove buffer and gel holders from the first-dimension apparatus. Extrude the

gel into apan containing 1X buffer K by forcing the gel out through the bottom
of the gel holder. Thisis accomplished using a 1-mL syringe fitted with a pipet
tip and filled with buffer K. Firmly insert the tip into the top of the gel holder
and depress the plunger until the gel begins to come out through the bottom of
the gel holder. Carefully replace the 1-mL syringe with a 5-mL syringe; depress
the plunger until the entire gel is expelled.

. With a razor, cut a bevel in the low molecular-weight end of the gel and cut

horizontally at the high molecular-weight end so that the gel is approx 43 cm in
length. The gel length is now the same as the width of the second-dimension gel.

. Place each gel into a separate 50-mL tube containing 40 mL of 1X buffer K.

Incubate for 10 min at room temperature. Carefully pour off the buffer and
incubate in 1X buffer K for an additional 10 min. (The gel may be transferred by
carefully looping it onto gloved fingers.)

. Carefully pour the buffer K and gel into a pan containing fresh buffer K. Using

a 10-mL syringe attached to restriction-digest tubing (via a 1-2 cm segment of
flexible tubing), suction the gel into the digest tubing, low molecular-weight
(beveled) end first.

. The gel is suctioned into the digest tubing by placing the end of tubing in line

with the beveled end of the gel and pulling the syringe plunger. Be careful to
stop once the gel has completely entered the tubing. Carefully position the tub-
ing vertically, with the syringe at the bottom. Suction any remaining buffer from
the tubing into the syringe. Do not continue suctioning if the gel blocks the
syringe opening. If this occurs, depress plunger gently and force gel away from
syringe opening. Detach the syringe, expel buffer, and reattach.

. Inaclean tube, make a 1.6 mL mix of 1X restriction enzyme buffer, 0.1% BSA,

and 750 U of Hinf | restriction enzyme. Place the open end of the digest tubing
into the tube containing restriction-digestion solution, now holding the syringe
end up, apply suction until a small amount of digestion solution appears in the
syringe. Carefully remove the digest tubing and orient both ends upward in a
U-shape. Remove the syringe and attach the two ends of the tubing to form
aclosed circle. Place in amoist chamber and incubate at 37°C for 2 h. Making a
master mix of the digest solution works well. Avoid bubbles in the digest tubing
asthese may interfere with complete digestion. In general, the restriction enzyme
isin excess and incomplete digests are very rare.
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3.5. Second-Dimension Electrophoresis

1

10.

Assembly of the second-dimension gel apparatus: all glass plates should
be cleaned thoroughly and wiped with 95% ethanol. The nonbeveled face of
each plate should be coated with Gelslick or Sigmacote (only once every
10 uses).

Lay the back half of the apparatus horizontally on a table top with the upper
buffer chamber hanging over the table edge.

Insert the two small clear plastic blocks at the bottom corners of each apparatus.
Place a glass plate in the apparatus, beveled edge facing upward and near the
upper buffer chamber, followed by two spacers, one along each side. Add glass
plates and spacers in this manner until the fifth plate has been added.

After the third plate, dlide flexible Tygon tubing down the side channel of the
apparatus, with a bevel cut in the leading end of the tubing. Cut the other end,
leaving approx 10 cm protruding from the apparatus.

Place the Plexiglas “filler” sheet over the fifth glass plate. Position the front hal f
of the apparatus by aigning the screw holes of the front and back half. Secure
with the Teflon screws. Seal the oblong oval “windows” at the lower, front face
with Plastic tape. Stand the apparatus upright in the lower buffer chamber.
Using a three-way stopcock, attach the gel apparatus tubing in series with a
2-L reservoir and attach a 60-ml syringe to the remaining stopcock outlet. The
tubing should be attached to the 2-L reservoir through a bottom drain (A 2-L
graduated cylinder works well).

Secure the reservoir above the gel apparatus to allow gravity flow. Adjust the
stopcock valve to alow liquid to flow between the 2-L reservoir and the 60-mL
syringe. Once the TEMED has been added, pour the acrylamide solution into
the 2-L reservoir. Pull the syringe plunger down to the 50 mL mark. Depress
the plunger to push the air out of the upper tubing. Once all air has been removed,
adjust the valve so that all three ports are open. Acrylamide will flow into the
apparatus, filling all four gels simultaneously from the bottom upward. Stop
the flow when the level reaches 3 mm from the top edge of the glass plates.
Allow the solution to settle for 2-3 min. If the acrylamide level drops, continue
flow briefly. Immediately add 1 mL of isopropyl acohol along the top edge of
each gel. After the valve leading to the gel apparatus has been closed, detach
the syringe and reservoir. Once the acrylamide has polymerized, the gels may
be stored overnight by adding 1X TBE to the upper reservoir. Immediately before
use, rinse wells thoroughly with water and then dry.

Gently separate the ends of the digest tubing and extrude the first-dimension gel
into a pan containing 1X TBE, pH 8.3. The gel may slide out by gravity or may
require gentle liquid pressure.

Transfer the gel to a 50-mL tube containing 40 mL 1X TBE, pH 8.3. Incubate
for 10 min at room temperature, replace with fresh TBE, and incubate for an
additional 10 min.
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11. Place each first-dimension gel in a horizontal position across the beveled edge
of each glass plate.

12. Once dl gels arein place, fill the space between the agarose gel and the top of
each polyacrylamide gel with molten 0.8% agarose (equilibrated to 55°C ).

13. Use an 18-gauge needle attached to a 10-mL syringe to add the connecting
agarose. Be sure to avoid having bubbl es between the first and second dimension
gels. Allow connecting agarose to solidify for 10-15 min, add 250 mL second-
dimension loading dye along the length of each gel.

14. Add 1X TBE, pH 8.3, to the upper and lower buffer chambers and el ectrophorese
at 100 V for 2 h and then at 150 V for approx 24 h (or until the BPB reaches
the bottom of the gel).

15. Remove buffers and disassemble apparatus.

16. Lift each gel from the plates by overlaying with Whatman paper cut to size for
autoradiographic or phosphorimager cassettes. Trace the perimeter of the paper
with edge of aplastic ruler, removing excess gel.

17. Carefully peel back and lift Whatman paper and gel. Place gel side up on second
Whatman paper. Overlay with Saran wrap, add third Whatman paper to top and
fold edges of Saran wrap over top Whatman. In the same orientation, placein a
gel drier for 1 h at 80°C while applying a vacuum.

18. Remove lower and upper Whatman paper, fold Saran wrap under remaining
paper and expose to X-ray film (BioMax MS).

3.6. Analysis of RLGS Profiles

Using direct visual assessment of profiles has proven very reliable. Thereis
a100% concordance between alterations of DNA fragments detected in RLGS
profiles and, following cloning, alteration demonstrated by Southern blotting.
Comparisons by computer or by visual assessment arefacilitated by the fact that
RLGS profiles from different tissues or from different individuals are identical
at the majority of loci. Visual assessment is performed by overlaying two
RLGS profiles on alight box and comparing relative intensities of fragments.
Overlaying “master” profiles (profiles used as a standard for comparison) with
clear acetate sheets allows one to mark differences or similarities between
multiple profiles and to generate cumul ative data sets. Thisis also a convenient
form in which to retain a usable record of the analysis results, and is a
standard that has allowed the sharing of results between labs. Several computer-
assisted analysis systems, which were originally designed for analysis of
two-dimensiona (2-D) protein gels, have been developed for the 2-D DNA
analysis (17,18).

One of the disadvantages of using RLGS for global methylation analysis of
CpGislands, at least in the analysis of tumor tissue, isthat aloss of afragment
from an RLGS profile could be due to either deletion or methylation. Once the
fragment is cloned, these possibilities are distinguished by Southern blotting.
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It has been our experience that the vast majority of “loss’ events detected
by RLGS in human tumors are due to methylation. To tailor the profiles
for detection of genetic loss events only, methylation-insensitive landmark
enzymes are used (see Table 1).

The identification and cloning of DNA fragments that display a tumor-
specific increase in intensity has led to two very different findings, which are
indistinguishable until the DNA fragments are cloned and tested as probes on
Southern blots. The increased intensity in some cases corresponded to gene
amplification (12) while for others identified DNA fragments from repetitive
sequences that had become demethylated in a tumor-specific manner (11).
Thus, the interpretation of tumor-specific intense fragments on profiles must
be refined by cloning and Southern-blot analysis. As additional fragments are
sequenced, the profiles will become even more informative.

3.7. Cloning of DNA Fragments

The following cloning protocol combines the advantages of the two pub-
lished cloning procedures: the restriction trapper-based direct cloning of
Notl/Hinfl (19) and the PCR-mediated method (20). Standard RLGS gels
contain a large amount of unlabeled background Hinfl or Hinfl/EcoRV
fragments, which could compete with target Notl/Hinfl fragments in the
cloning process. A protocol was developed that eliminates more than 90% of
the EcoRV/EcoRV fragments, while retaining Notl/EcoRV fragments. RLGS
profiles generated with purified Notl/EcoRV fragments are indistinguishable
from total genomic DNA profiles. Using the human genome sequence, it is
also possible to identify the sequence and chromosomal position of fragments
through in silico restriction digests.

3.7.1. Purification of Notl/EcoRV Fragments Using
the Notl Restriction Trapper

1. Digest 100 pg genomic DNA with Notl and EcoRV in atotal volume of 200 pL.
Incubate the reaction for 2 h at 37°C.

2. Extract the DNA with an equal volume of PCI. Add 2.5 volumes of 100% ethanol,
mix, and centrifuge for 5 min. Remove the ethanol and wash the pellet with 70%
ethanol. Resuspend the DNA in 50 pL TE, pH 8.0. Adjust the concentration
to 2 pg/pL.

3. In a separate tube, add 260 pL TE to 140 pL 10% restriction trapper solution.
Centrifuge 5 min at full speed, discard the supernatant, and dissolve the pellet
in280 uL TE.

4. To ligate the Notl fragments to the restriction trapper, mix 50 yuL (100 pg) of
genomic DNA and 20 pL 5% Notl restriction trapper. Bring the reaction volume
to 120 pL with 1X ligase buffer and 1,400 U T4-DNA ligase. Mix well and



66 Costello et al.

add 10% PEG-6000 (final conc.). After 30 min mix the reaction by pipetting.
Incubate overnight at 18°C.

5. Bring thereaction to 600 pL with 1X restriction buffer and add 100 U of EcoRV.
Incubate the reaction at 37°C for 1 h.

6. Add 60 pL 0.1% Triton X-100 to the digestion mix, centrifuge 5 min, discard
the supernatant and resuspend the pellet in 50 uL 1X EcoRV buffer. Add 4 uL
EcoRV (10 U/uL) and incubate at 37°C for 1 h.

7. Add 200 pL ddH,0O and 40 pL 0.1% Triton X-100 and mix. Centrifuge for
5 min, discard supernatant, and dissolve the pellet in 200 uL 1X Notl restriction
buffer. Mix carefully, centrifuge, and remove all supernatant (it may contain
trace amounts of ECORV fragments).

8. Dissolve the pellet in 100 uL 1X Notl restriction buffer, add 50 U Notl and
incubate for 2 h at 37°C. Centrifuge for 5 min, (save the supernatant) and wash
the pellet with 200 pL TE buffer containing 0.05 % Triton X-100. Centrifuge for
5 min and combine supernatants.

9. Add an equal volume of PCI, mix, and centrifuge for 5 min. Transfer the
supernatant to a fresh tube and extract with an equal volume of chloroform:
isoamyl alcohol. To precipitate the DNA, add 20 uL 3 M sodium-acetate,
1 uL linearized acrylamide, and 550 L ethanol (100%). Mix well, incubate at
—80°C for 30 min and then centrifuge for 30 min. Rinse the pellet with 70%
ethanol, dry, and resuspend in 13 uL TE. Measure the DNA concentration
(approx 100-600 ng total).

3.7.2. Two-Dimensional Separation of Purified Fragments

Since the 5' overhangs created by Notl digestion are “filled in” during
thelabeling step, standard DNA “analysis’ gelsarenot suitablefor cloning with Notl
adapters. To generate profiles suitable for such cloning, only 1/5 of the restric-
tion trapper-purified DNA is subjected to labeling and is then mixed with the
remaining 4/5 unlabeled DNA prior to loading the first-dimension agarose gel.

1. For labeling, 3 pL of the purified Notl/EcoRV fragments are added to a 10 pL
reaction containing 1X sequenase buffer, 20 uCi [a-22P]-dGTP, 10 uCi[a-32P]-
dCTR, and 13 U Sequenase ver. 2.0. Incubate the samples at 37°C for 30 min.
Inactivate the enzyme at 65°C for 30 min.

2. Add 9 pL of the unlabeled Notl/EcoRV sample and 5 uL of 6X loading dye.

3. Add the sample to the first-dimension gel and proceed as described in
Subheading 4.

4. Dry the gels at 65°C and expose to X-ray film overnight. The film should be
stapled to the gel during exposure to allow for precise orientation and reattach-
ment of the developed film to the gel. DNA fragments of interest are excised
from the gel using a scalpel and collected in a 1.5-mL tube.

3.7.3. Elution of the DNA
Use method 1 (Subheading 3.7.3.1.) or method 2 (Subheading 3.7.3.2.).
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Fig. 1. RLGS profile of normal human cerebellum DNA using the enzyme combina-
tion Notl/EcoRV/Hinf.

3.7.3.1. MeTHOD 1

1. Remove the piece of X-ray film and Saran wrap from the excised gel slice and
soak the gel in 2040 pL TE buffer. Place the gel slice into the precast molding
of the electroel uter.

2. Add 1X TAE buffer to the buffer chambers and add 100 pL elution dye into the
V-shaped slots. Apply current to trap the DNA in the V-shaped slot.

3. Recover the elution dye (approx 300 pL) and add extract with an equal volume of
PCI. Precipitatethe DNA by adding 2 pL linearized acrylamide and 2.5-vol 100%
ethanol (100%) and incubate at —70°C. Centrifuge and remove the supernatant.
Dry the pellet and dissolve in 10 pL TE-buffer.

3.7.3.2. METHOD 2

1. Remove the piece of X-ray film and Saran wrap from the excised gel slice. Wet
the gel slice with 20 pL of elution buffer (0.5 M ammonium acetate, 1 mM
EDTA). Gently lift the rehydrated gel off of the paper.

2. Cut the gel sliceinto smaller pieces with a scalpel. Add 150 uL elution buffer to
the wetted gel slice. Place in a shaking incubator at 37°C overnight.
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3. Centrifuge and transfer supernatant to a clean tube. Rinse acrylamide with
50 L elution buffer and combine with supernatant.

4. Add 1 pL glycogen (20 pg/uL) and 2 vol 100% ethanol; chill for several hours
or overnight at —70°C.

5. Centrifuge at 4°C for 30 min, remove ethanol, and dry pellet. Resuspend in
10puL TE.

3.7.4. Adaptor Ligation and PCR Amplification

If sufficient DNA can be eluted from the restriction trapper gels direct
cloning into a vector prepared with Notl/Hinf | ends is possible. For cloning
from limited amounts of DNA, the following protocol should be used.

1. Notl and Hinf | adapters are prepared by annealing primer sets Notl-1 with Notl-2
and Hinf I-1 with Hinf I-2, respectively. Equimolar amounts of each primer are
mixed in a total volume of 100 pL and heated to 95°C for 5 min. The reaction
iscooled slowly over 3 hto 25°C.

2. Setupal0pL ligation reaction containing 2.5 uL of the eluted DNA fragments,
1 mM Notl and 1 mM Hinfl adapters, 350 U T4-DNA ligase, and 1X ligase
buffer. Incubate overnight at 14°C.

3. Dilute the ligation reaction by adding ddH,O to atotal vol of 40 uL.

4. Two rounds of PCR amplification are performed using nested primer sets. The
first PCR reaction is carried out using primers F-1 and R-1 in a standard PCR
reaction, except containing 3 mM MgCl, . After an initial denaturation step,
10 cycles of 90°C for 1 min, 65°C for 1 min, and 72°C for 1 min are performed,
followed by a 10 min final extension at 72°C.

5. Onefifth of thefirst PCR reaction is used as atemplate for the second PCR with

primers F-2 and R-2. This reaction is performed in 3 mM MgCl, for 30 cycles

using the same cycling conditions.

The PCR products are gel-purified and cloned into an appropriate vector.

7. Since both Notl/Hinf | fragments and Hinf I/Hinf |1 fragments may be coamplified,
we recommend screening bacterial colonies by hybridization with radiolabeled F-2.

o
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Combined Bisulfite Restriction Analysis (COBRA)

Cindy A. Eads and Peter W. Laird

1. Introduction
1.1. Background

Most molecular biological techniques used to analyze specific loci in
complex genomic DNA involve some form of sequence-specific amplification,
whether it is biological amplification by cloning in Escherichia coli, direct
amplification by polymerase chain reaction (PCR), or signal amplification by
hybridization with a probe that can be visualized. Since DNA methylation is
added postreplicatively by a dedicated maintenance DNA methyltransferase
that is not present in either E. coli or in the PCR reaction, the methylation
information is lost during molecular cloning or PCR amplification. Molecular
hybridization does not discriminate between methylated and unmethylated
DNA, since the methyl group on the cytosine does not participate in base
pairing. The lack of a facile way to amplify the methylation information in
complex genomic DNA has been a significant impediment to DNA methylation
research.

The indirect methods that have been developed in the past decade to detect
DNA methylation patterns at specific loci rely on techniques that alter the
genomic DNA in a methylation-dependent manner before the amplification
event. There are two main methods that have been utilized to achieve this
methylation-dependent DNA alteration. The first is digestion by a restriction
enzyme that is affected in its activity by 5-methylcytosine in a CpG sequence
context. The cleavage or lack of it can subsequently be revealed by Southern
blotting or by PCR. The other technique that has received recent widespread
useisthe treatment of genomic DNA with sodium bisulfite (1). This treatment
converts al unmethylated cytosines in the DNA to uracil by deamination, but
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|eaves the methylated cytosine residues intact. Subsequent PCR amplification
replaces the uracil residues with thymines and the 5-methylcytosine residues
with cytosines. The resulting sequence difference can be detected using a
variety of methods (2).

1.2. Sodium Bisulfite Techniques

Currently, all bisulfite-based methods are followed by a PCR reaction to
analyze specific loci within the genome. There are two ways in which the
sequence difference generated by the sodium bisulfite treatment can berevealed.
Thefirst isto design PCR primers that uniquely anneal with either methylated
or unmethylated converted DNA. This technique is referred to as “ methylation-
specific PCR” or “MSP” (3). The method used by all other bisulfite-based
techniques (such as bisulfite genomic sequencing, combined bisulfiterestriction
analysis [COBRA], and Ms-SNUPE) is to amplify the bisulfite-converted
DNA using primers that anneal at locations that lack CpG dinucleotides in
the original genomic sequence. In this way, the PCR primers can amplify
the sequence in between the two primers, regardiess of the DNA methylation
status of that sequence in the original genomic DNA. Thisresultsin a pool of
different PCR products, all with the samelength and differing in their sequence
only at the sites of potential DNA methylation at CpGs located in between the
two primers. The difference between these methods of processing the bisulfite-
converted sequence is that in MSP, the methylation information is derived
from the presence or absence of a PCR product, whereas in the other tech-
niques a mix of products is always generated and the mixture is subse-
guently analyzed to yield quantitative information on the relative occurrence
of the different methylation states. The best way to view this application isto
envision that genomic DNA usually consists of a collection of many different
methylation patterns. The PCR reaction will amplify each of these variants
without affecting the relative ratio between them. Herein lies both the power
and the achilles heel of these techniques. Since all methylation profiles are
amplified equally, quantitative information about DNA methylation patterns
can be distilled from the resulting PCR pool. However, it is then essential
that no bias occurs during the PCR reaction. If a particular sequence variant
amplifies with different kinetics than another sequence variant, then incorrect
quantitative data will result. Several methods of reducing or preventing PCR
bias have been developed (4). An additional difficulty with all non-MSP
variants of bisulfite-based DNA methylation analysis techniques is that it is
not always easy to find suitable primers lacking CpGs in very dense CpG
islands.
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Fig. 1. Outline of the COBRA protocol. The COBRA (COmbined Bisulfite Restric-
tion Analysis) technique relies on the use of restriction-enzyme digestion to detect
sequence variations in bisulfite-PCR products caused by differencesin DNA methyla-
tion patterns in the original genomic DNA. The steps of the technique are illustrated
in the boxes at the top. The DNA is denatured and treated with sodium bisulfite,
which converts unmethylated cytosine residues to uracils, while methylated cytosines
remain unconverted. During PCR, the uracil residues are replaced by thymines, while
the methylated cytosine residues are replaced by cytosines. In this example, the
consequence is a sequence change that results in the generation of a Tagl restriction
site only if the cytosine in the CpG dinucleotide is methylated. If the cytosine is
unmethylated, then it is converted to thymine and the Taql siteis not created. The PCR
product is digested by Taql and separated by polyacrylmide gel electrophoresis. The
gel is transferred to a membrane and probed by an oligonuclectide for quantitation
analysis. The percentage of methylated Tagl sitesin the target DNA is calculated from
the ratio of Tagl cleaved PCR product and the total amount of PCR product.

1.3. COBRA

Assuming that the PCR product is a faithful representation of the original
collection of DNA sequences following sodium bisulfite treatment, then this
resulting pool of PCR products can be analyzed by any technique capable of
detecting sequence differences, preferably in a quantitative fashion. COBRA,
which stands for COmbined Bisulfite Restriction Analysis, is based on the
restriction digestion of the PCR product with an enzyme for which the
recognition sequence is affected by the methylation state in the original DNA.
Accurate quantitation of the percent methylation can be obtained by subsequent
guantitative hybridization. The overall techniqueisoutlined in Fig. 1. COBRA
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can be applied to DNA samples derived from cell lines and tissues. It has even
been shown to be compatible with the analysis of microdissected paraffin-
embedded sections (5). In addition, COBRA is not as labor-intensive as some
of the other bisulfite-based techniques. One interesting feature that COBRA
shares with bisulfite genomic sequencing of subclones is that linkage of
methylation patterns within individual molecules can be investigated. If two
individual CpG sites are interrogated in a COBRA analysis, then a lack of
cutting at both sites or complete cutting at both sites with little if any single
cutting would suggest that the genomic DNA is comprised of a pool of fully
methylated and fully unmethylated DNA molecules and not of mixed methyla-
tion. MS-SNUPE interrogates each CpG site independently of other CpGs and
would not reveal this distinction.

2. COBRA
2.1. Experimental Design
2.1.1. Sequence Manipulation

Sodium bisulfite treatment substantially alters the primary sequence of
genomic DNA. Unmethylated cytosines, which comprise the vast majority of
cytosineresiduesin vertebrate DNA, are chemically converted to uracil residues
(which arelater substituted by thymine residues during PCR amplification) (1).
Theimmediate consequence of this conversion isthat the original DNA strands
are no longer complementary. Throughout the genome, the two DNA strands
now represent two different, noncomplementary, single-stranded sequences.
To design aCOBRA assay for a particular region of interest, thefirst step isthe
selection of one of the two DNA strand sequences for PCR amplification. For
COBRA, the predominant issue in this choice of DNA strand is the location
of suitable restriction sites in the final PCR products. One of the confusing
concepts for researchers new to bisulfite-based methods is the fact that the
amplification of the two opposing strands requires different PCR primers and
that the resulting restriction maps of the PCR products will differ. Even the
G+C content can differ between the top-strand amplicons and the bottom-strand
amplicons, if the distribution of G residueswas unequal intheoriginal DNA. To
facilitate the design of PCR primers and the localization of restriction-enzyme
sites in the subsequent PCR products, it is advisable to perform a theoretical
bisulfite conversion for both a fully methylated and completely unmethylated
version of both the top and the bottom strand of the sequence of interest. This
will generate four new sequences, methylated and unmethylated for both top
and bottom, respectively. Figure 2 illustrates for a sequence example how
the methylation status and the strand choice can affect the sequence in the
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Fig. 2. Sequence outcome and strand choice following bisulfite treatment. Sodium
bisulfite modification alters the sequence of DNA such that the top and bottom strands
are no longer complementary. For each particular CpG dinucleotide, thisresultsin four
new seguence variants, top and bottom unmethylated, and top and bottom methylated.
Due to lack of sequence complementarity, the top and bottom strands are amplified in
separate PCR reactions using distinct primers designed for either the top or the bottom
strands. In COBRA, the PCR primers amplify the the chosen strand independently of
methylation status in the original genomic DNA.. In thisfigure, we provide a sequence
example to illustrate the complexities of noncomplementarity and methylation status.
In our sequence example, amplification of the bottom strand is noninformative, while
amplification of the top strand generates a Taq| site only if that particular CpG was
methylated in the original genomic DNA.

final PCR products. Figure 3 provides a flow chart for the generation of the
four sequence variants.

2.1.2. PCR Primer Design

Once the four sequences and their accompanying restriction maps have
been generated, primers can be chosen that flank restriction sites that are
differentially present based on the methylation status of the original genomic
DNA. In the primer design, it is best to use the bisulfite converted methylated



76 Eads and Laird

5 to 3’ DNA Replace: Replace: Methylated Generate
Sequence of CG > XG XG — CG Top Restriction
Regions of Then: Sequence Map

Interest d C->T

Replace: Unmethylated Gengra.te
Top Restriction
C-»>T
; Sequence Map ‘
\

Reverse Replace:
omplementary) CG — XG
(Antiparallel) Then:
|| Sequence C->T

Replace:
XG—CG

Unmethylated
Bottom

Methylated Convert back Generate
Bottom to Parallel Restriction
Sequence Orientation Map
M Convert bac)[ Generate
to Parallel Restriction
Orientation Map
v

Replace:
C—->T

| Sequence

: \
DNA DNA Sequence Analysis Program /| DNA
Sequence or Word Processing Program /| Sequence ‘
Analysis For Word Processing: First remove all i Analysis ‘
Program line breaks and spaces from sequence ! Program \

Fig. 3. Computer-simulated bisulfite conversion. In order to design oligonucleotide
PCR primers and COBRA probes and to identify restriction-enzyme sites within
the PCR product, it is useful to create a theoretical bisulfite conversion for a fully
methylated and completely unmethylated form of both the top and bottom strand.
Thisisreadily achieved on a computer with a DNA sequence-analysis program. Some
of the steps can be performed with a word processing program. Either program can
replace all cytosine residues by thymines. Potentially methylated cytosines within
a CG sequence context can be masked from this operation by first converting all
CG dinucleotides to a neutral unrecognizable sequence such as XG. After the C to
T conversion, this neutral sequence can then be restored to CG. It is important to
ensure that hidden characters such as spaces and paragraph marks do not interfere
with the recognition of CG dinuclectide residues in word processing programs. The
bottom methylated and unmethylated versions are devel oped similarly to the top-strand
versions, but the initial DNA sequence is first converted to its antiparallel form.
After al the replacements are completed the sequence is changed back to the parallel
orientation. In a DNA sequence-analysis program a restriction-enzyme map for each
sequence can be generated and CpG dinucleotides highlighted.

sequence versions (top or bottom) as a guide. This facilitates the avoidance of
CpG dinucleatides within the primer sequences. It is essential that neither the
PCR primers, nor the hybridization probes encompass CpG dinucleotides to
ensure equal recognition of DNA regardless of original methylation status.
It is helpful to highlight the CpG dinucleotides in the sequence. This can be
done by hand or by instructing the DNA analysis software to recognize CpG
asarestriction site.
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PCR amplification of bisulfite-treated DNA is more difficult than of native
DNA. Due to the depletion of cytosine residues from the genomic DNA, the
resulting PCR products contain an unequal distribution of bases. Each PCR
product contains one C-poor/T-rich strand and one G-poor/A-rich strand. This
reduced sequence complexity diminishes the discriminatory ability of the PCR
primers and of the hybridization probes. Therefore, it is advisable to design
primers slightly longer than for standard PCR. We prefer primers of at |least
24 bases. It may be difficult to design such long primers in very dense CpG
islands while simultaneously avoiding the inclusion of CpGs within the primer
sequences. If possible, other standard criteriafor PCR primer design should be
adhered to. These include a primer G+C content of 40-60%, similar Tm values
for the primer pairs and the avoidance of palindromic or repetitive sequences
withinthe primersand of 3' complementary nucleotides between primer pairsto
prevent primer dimer formation.

Due to the difficulties of PCR amplification of bisulfite-treated DNA, it is
advisable to design relatively small amplicons. A maximum length of 150 bp
is advised if paraffin-embedded samples are to be analyzed. In addition, PCR
bias seems to occur less frequently for small amplicons.

2.1.3. Restriction-Enzyme Choice

Some restriction-enzyme sequences are innate in the initial sequence and
retained after bisulfite treatment. However, new sites may be generated by
the bisulfite conversion and subsequent PCR amplification (6). For example,
the restriction-enzyme site for Tagl (TCGA) can be retained in a methylation-
dependent manner or it can be generated by the bisulfite conversion as
illustrated in Figs. 1 and 2. Sites that are created, rather than merely retained,
are preferable, since the use of these sites helps to verify complete bisulfite
modification of the DNA. The sitewill not be created if the bisulfite treatment is
insufficient. It isimportant to stressthat the restriction-enzyme cleavageitself is
not methylation-dependent. PCR products do not contain 5-methylcytosine. The
methylation statusisrevealed by the presence or absence of arestriction-enzyme
site, not by inhibition of cleavage by methylation of the restriction site.

In order to analyze a specific region there must be at least one restriction
site within the methylated bisulfite converted strand that is absent in the
unmethylated bisulfite-converted strand or vice versa. The easiest way to
identify suitable restriction-enzyme sites is to use a DNA-analysis program to
generate restriction maps for bisulfite-converted sequences representing the
methylated and unmethylated versions of a sequence as described in Fig. 3.
An advantage of COBRA is that more than one restriction site can be tested
on one PCR product given that additional sites are available. A single PCR
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Table 1
Restriction Enzymes Commonly Used in
COBRA, with Their Recognition Sequences?

Enzyme Recognition Site
BsiwI CIGTACG
BspDI AT/CGAT
BstBI TT/CGAA
BstUI CGICG

Clal AT/CGAT
Miul A/CGCGT
Nrul TCG/CGA
Pwul CGATICG
Taq| TICGA

aA unique feature of these restriction enzymes is that
their recognition sequences contain cytosines only in the
context of CpG.

amplification reaction can be analyzed for any number of restriction enzymes
and hybridization probes. Table 1 showsalist of restriction enzymescommonly
used in COBRA analyses.

2.1.4. Probe Design

The design of oligonucleotide probes is facilitated by the restriction maps
generated as described in Fig. 3. Oligonucleotide probes should not cover
either restriction enzyme-recognition sites of the enzymes used in the COBRA
analysis, nor should they contain CpG dinucleotide sequences. Longer oligos
are easier to use in hybridization reactions, although CpG-rich CpG islands
sometimes necessitate the use of probes as short as 15 bases to avoid inclusion
of a CpG dinucleotide within the probe.

2.2. Sodium Bisulfite Treatment

The sodium bisulfite conversion of cytosine (1,7) proceeds through several
steps. Sulfonation of cytosine at the C-6 position (8) can only occur on
single-stranded DNA. Therefore, it is essential that the genomic DNA is
fully denatured and remains denatured until sulfonation is complete. Bisulfite-
induced deamination of both methylated and unmethylated cytosine residues
occurs (7), but the reactivity of 5-methylcytosine is much lower than that of
unmethylated cytosine residues. A competing reaction is the depurination of
DNA, which can lead to severe degradation to the point of failure of the
PCR reaction (9). The difficulty of sodium bisulfite conversion of genomic
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DNA is to find the best balance of complete denaturation of the DNA with
complete conversion of unmethylated cytosine residues with minimal DNA
loss, depurination and conversion of 5-methylcytosine residues. Various
improvements and modifications of the original protocol have been proposed
in an attempt to achieve the best balance (2,9-11).

There has been some confusion about concentrations of sodium bisulfite
solutions. Sodium bisulfite is sold as a mixture of sodium bisulfite (NaHSO;,
FW = 104) and sodium metabisulfite (Na,S,05, FW = 190) (e.g., Sigma
S-8890). Theratio can be calculated from the SO, assay listed on the bottle. The
bottle usually contains mostly sodium metabisulfite. However, since sodium
metabisulfite is converted to sodium bisulfite upon dissolution in water (one
mole of sodium metabisulfite gives rise to two moles of sodium bisulfite), it
issimpler to purchase pure (98.8%) sodium metabisulfite (Sigma S-1516) and
dissolve it at half the specified sodium bisulfite concentration. For example,
for a5 M concentration of sodium bisulfite, preparea 2.5 M solution of sodium
metabisulfite. The preparation of high concentrations of sodium (meta)bisulfite
require the addition of NaOH to allow the salt to go into solution.

Sodium bisulfite oxidizes easily. Therefore, care should be taken not to
excessively aerate during the dissolving process. Heating to 50°C may be
necessary to obtain complete dissolution of the sodium bisulfite. Hydroguinone
is added to prevent oxidation of the sodium bisulfite. The original protocol calls
for a freshly prepared 3.6 M solution of sodium bisulfite to be added, along
with the hydroquinone to the denatured DNA to give a final concentration of
3.1 M sodium bisulfite, followed by a 16-h incubation at 55°C (1). However,
variations in the concentration of sodium bisulfite, the incubation temperature
and time may yield abetter balance of complete conversion, while maintaining
the integrity of the DNA (9). Also, it is more efficient to combine the sodium
bisulfite and hydroquinone solutions before adding them to the individual
denatured DNA samples. The procedure described in Subheading 3.2. is a
modification of the original protocol (1). We recommend a 4.75 M sodium
bisulfite treatment for 12—16 h at 50°C. However, investigators are encouraged
to experiment with time, temperature, and sodium bisulfite concentrations to
find the best conditions for their particular application.

Incomplete conversion of unmethylated cytosine residues is occasionally
seen. Therefore, it is essential to check this for the conditions used in a
particular application. Compl ete conversion of the DNA can be readily verified
by restriction digestion with an enzyme that contains a cytosine in the recogni-
tion sequence that is not within a CpG sequence context (5). Such sites should
be completely lost during bisulfite conversion since the unmethylated cytosine
should be converted to thymine. Any cutting of the PCR product by such
an enzyme indicates either non-CpG methylation or incomplete bisulfite
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conversion. Comparison of the restriction maps of the unconverted sequence
with the maps generated according to Fig. 3 should yield several choices of
control enzymes. The addition of urea can improve the efficiency of conversion
by maintaining the DNA in a denatured state (11).

2.3. PCR

As with any PCR reaction, initial optimization of the thermal-cycling
parameters is advisable. The lower sequence complexity of the bisulfite
converted DNA and the amplification primers and potential degradation of the
DNA by depurination contribute to the difficulty of bisulfite PCR reactions.
Initial denaturation of the DNA for 2—4 min at 95°C in the first cycle seems to
be beneficial. A 1-min denaturation can suffice for subseguent cycles. We obtain
better results with mixtures of Tag polymerase and high-fidelity polymerases
such as Roche Boehringer Mannheim Expand Hi Fidelity polymerase. The
number of cycles needed to generate a product depends on the number of
starting molecules. For cell-line and tissue DNA samples the amount of DNA
isoften at the microgram level, in which case 30 cycles are more than sufficient
to generate a robust PCR product. However, since paraffin-embedded samples
may have less than a nanogram of DNA initially and subsequent loss and
degradation of DNA occurs during the bisulfite treatment, it may be necessary
to increase the number of cycles to 40. In extreme cases, nested PCR can be
employed, but this increases the risk of PCR bias. Other parameters, such as
MgCl, and primer concentrations should be optimized as for any PCR assay.

2.4. Restriction Enzyme Digestion

Following PCR amplification the product must be cleaned up before further
restriction-digestion analysis. The residual salts from the PCR buffers may
inhibit complete enzyme digestion. In addition, some proprietary PCR buf-
fers, such as those that are supplied with the Expand polymerase, contain
components that are inhibitory to restriction-enzyme digestion. If the PCR
produces a strong single band on an agarose gel, then the product can be simply
purified by a commercial PCR clean-up kit or microfiltration spin column.
However, if nonspecific PCR products result from amplification, then gel
extraction of the desired product is recommended. Restriction digestion is
performed according to manufacturers specifications.

2.5. Polyacrylamide Gel Electrophoresis, Electroblotting,
and Hybridization

After restriction digestion of the purified PCR product, the sample is
separated on an 8% denaturing polyacrylamide gel. The large volume of the
restriction digestion can be a problem in achieving a fourfold volume of
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denaturing loading dye, which is essential to prevent secondary structures.
A high concentration of pure PCR product will allow the use of fairly small
restriction-digestion volumes. In addition, the use of small protein gels with
thick spacers allows for larger loading volumes and provides sufficient separa-
tion of digestion products. The extra thickness of the gels also facilitates
manipulation of the gel during the electroblot set up. High-concentration
agarose gels do not blot efficiently.

Once the gel electrophoresis is completed, the DNA is transferred to a
positively charged membrane (Zetabind Membrane, American Bioanalytical)
by electroblotting. Electroblotting provides a fast and efficient transfer of the
DNA. Following electroblotting, the DNA is crosslinked to the membrane
by exposing the membrane to 1200J of UV. At this stage the membrane can
be processed immediately or wrapped in Saran wrap and stored at 4°C for
future use.

The membraneis prepared for hybridization by first prewetting it in 6X SSC
and then soaking it in prehybridization buffer at 42°C for at least 30 min.
The membranes are then hybridized with a 5'-end labeled oligonucleotide
(15-25 nucleotides) overnight. The hybridization reaction depends on the
length, concentration, base composition, and Tm of the probe. In general,
the hybridization should be performed at 5°C bel ow the Tm of the probe. How-
ever, if the probeis less than 15-20 nucleotides, then less stringent conditions
are recommended. Specialized hybridization buffers and conditions that have
been optimized for oligo hybridization can also be employed.

For short probes (less than 15-20 nuclectides), the membrane is washed at
low stringency using 2X SSC/1% SDS at 25-37°C. Longer probes allow more
stringent conditions, 0.5-2X SSC/1% SDS at 42—-65°C. The membranes are
washed in a volume of 200 mL with replacement of the washing solution
at 10-15 min intervals. Oligo probes do not require very long washing. We
usually wash less than an hour.

Thefilter isthen exposed in a phosphoimager system which allows quantita-
tion of the individual bands. DNA methylation levels are calculated according
to the formula shown in Fig. 1.

3. Methods
3.1. Materials

3.1.1. DNA Isolation

1. Phosphate-buffered saline (PBS).

2. LysisBuffer: 100 mM Tris-HCI, pH 8.5, 10 mM ethylenediaminetetraacetic acid
(EDTA), 200 mM NaCl, 1% SDS.

3. Proteinase K.



82 Eads and Laird

RNaseA.

Phenol/chloroform/isoamyl (25:24: 1).

Ethanol.

TE Buffer: 10 mM Tris-HCI, pH 7.5, 0.1 mM EDTA.

For Paraffin-embedded sections: Buffer K: 10 mM Tris-HCI, pH 8.0, 5 mM
EDTA, 10 pg/uL Proteinase K.

© N O

3.1.2. Bisulfite Treatment

1. 1-10 ug DNA.

2. Salmon sperm DNA (only if initial DNA is< 1 pg).

3. 2 M NaOH, a 5 M sodium bisulfite, pH 5.0, made from sodium metabisulfite
(Sigma S-1516), which also contains 125 mM Hydroquinone (see Subheadings
2.2.and 3.2.2).

Mineral oil.

Wizard DNA clean-up System (Promega).

3cc syringes.

80% isopropanoal.

3 M NaOH

5 M Ammonium Acetate, pH 7.4).

10. Ethanol (100% and 70%).

11. TE Buffer: 10 mM Tris-HCI, pH 7.5, 0.1 mM EDTA.

3.1.3. PCR

10X Expand buffer (Boehringer Mannheim).

25 mM Expand MgCl (Boehringer Mannheim).

4 mM dNTPs.

50 puM of each primer.

2 units of Expand HF Enzyme (Boehringer Mannheim).
Sterile ddH,0.

©ooNe A

O whE

3.1.4. DNA Extraction

1. Commercial PCR clean-up kit or gel extraction kit.

3.1.5. Restriction Enzyme Digestion

1. 10 ng of purified PCR product.
2. 1 unit of enzyme.

3. 1X enzyme buffer

4. Sterile ddH,0.

5. Minerd oil.

3.1.6. Polyacrylamide Gel Electrophoresis

1. 8% denaturing polyacrylamide gel (7 M Urea).
2. 10% Ammonium persulfate.
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3. TEMED.

4, Loading buffer: 98% formamide, 10 mM EDTA, 0.0025% xylene cyanol,
0.0025% bromophenol blue.

5. 1X TBE Buffer.

3.1.7. Electroblotting

1. Zetabind charged membrane (American Bioanalytical).
2. Blotting paper.

3. Fiber pads (Bio-Rad).

4. 0.5X TBE.

3.1.8. Hybridization

1. End-labeling probe: 10 pmoles oligonucleotide, 10X T4 polynuclectide kinase
buffer, 20 units T4 polynucleotide kinase, y-3?P-ATP (10 mCi/mL), sterile
ddH,0, G-50 sephadex, 1 cc syringe.

2. Prehybridization: 6X SSC, 10 mL hybridization buffer: 500 mM phosphate
buffer, pH 6.8, 1 mM EDTA, 7% SDS (12).

3.2. Methods
3.2.1. DNA Isolation

Genomic DNA can be collected from cultured cells, tissue, or paraffin-
embedded sections by standard techniques (13,14). The quality of the DNA
retrieved from this isolation procedure is appropriate for COBRA analysis. It
is important to remove all traces of RNA from the sample in order to prevent
RNA amplification during PCR.

3.2.2. Bisulfite Treatment

Carrier DNA needs to be added to samples that contain less than 1 ug of
DNA, since there can be substantial loss and degradation of DNA during
the bisulfite conversion. We use 1-2 pg of salmon sperm DNA as a carrier.
Embedding the DNA in agarose beads provides a good alternative to prevent
loss of the DNA during the procedure (10).

1. Add 1-10 pg of DNA to sterile ddH,O for a fina volume of 18 puL and heat
at 95°C for 20 min. Remove the sample from the heat and immediately place
onice.

2. Add 2 uL of 3 M NaOH to denature the DNA and incubate for 20 min at 42°C.

3. Prepare a fresh solution of 5 M sodium bisulfite solution/hydroquinone solu-
tion, pH 5.0, immediately prior to use. Calculate 0.5 mL of solution for each
DNA sample. For 4 mL of solution (8 samples), add 1.9 g sodium metabisulfite
to 2.5 mL sterile ddH,0. Add 0.7 mL 2 M NaOH. Add 0.5 mL 1 M hydroquinone
(0.12gin1 mL H,0). Heat to 50°C. Invert frequently until fully dissolved.
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4, Add 380 pL of the 5 M sodium bisulfite/hydroguinone solution to the 20 pL
of denatured DNA. Mix.

5. Overlay sample with 5-6 drops of mineral oil to prevent evaporation and
incubate 12-16 h at 50°C in the dark. Significant degradation may occur at
longer incubation times.

6. Desalt the sample with Wizard DNA clean-up system.

7. Transfer to aclean tube and elute the DNA with 45 pL of sterile ddH,0.

8. Add5 pL of 3 M NaOH and incubate for 15 min at 37°C for desul phonation.

9. Add 75 uL of 5 M Ammonium Acetate pH 7.4. Mix.

10. Add 2.5 volumes of 100% ethanol and precipitate for 0.5-1 h at —70°C.

11. Spin at maximum speed in microcentrifuge for 20 min.

12. Wash DNA pellet with 70% ethanol and resuspend DNA in 30-50 uL of TE,
pH 7.5.

13. Store hisulfite samples in the —20°C freezer. The life-span of bisulfite treated
DNAs can exceed 12 mo when stored properly.

3.2.3. PCR Ampilification

PCR amplification is performed using standard PCR protocols (see Sub-
heading 2.3.).

3.2.4. DNA Clean Up
Clean PCR product as described in Subheading 2.4.

3.2.5. Restriction-Enzyme Digestion

1. Digest 10 ng of purified PCR product with 1 U of enzymein a10-15 pL reaction
for at least 4 h to ensure complete digestion. See Subheading 2.1.3. for guidance
on restriction-enzyme choice.

2. Overlay the sample with mineral oil to prevent evaporation.

3.2.6. Polyacrylamide Gel Electrophoresis

1. Add 4 volumes of loading buffer to each digested sample. The mineral oil does
not need to be removed.

2. Denature for 2-3 min at 95°C.

3. Load sample onto a 55°C prewarmed 8% denaturing polyacrylamide gel
(7 M urea).

4. Rungel in 1X TBE at 50-60 milliAmps.

3.2.7. Electroblotting, Prehybridization, Hybridization, and Washing

1. Transfer the DNA to Zetabind Membrane by electroblotting for at least 1 h at
20 volts.

2. UV crosslink the DNA to the membrane at 1200 Joules.

3. Prewet the nylon membrane in 6X SSC and place membraneinto a hybridization
bottle.



COBRA 85

4, Add 10 mL of Church prehybridization buffer and rotate for 0.5-1 h at 42°C.
5. Add 5' end-labeled probe (10 pmoles) and hybridize overnight at appropriate

temperature.

6. Wash the membrane as described in Subheading 2.5.
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Differential Methylation Hybridization
Using CpG Island Arrays

Pearlly S.Yan, Susan H.Wei, and Tim Hui-Ming Huang

1. Introduction

Differential hybridization and its related techniques have been developed
to identify genes whose expressions are altered during different physiological
conditions or in dissimilar cell or tissue types (1-3). High-throughput DNA
array technologies have further advanced these analyses, providing for simul-
taneous examinations of expressions of thousands of genes between two
different cell typesin asingle experiment (4—6). Recently, we have adapted the
hybridization approach to devise an array-based technique, called differential
methylation hybridization (DMH), to identify changes in DNA methylation
patterns commonly observed in cancer (7). Methylation of DNA isthe addition
of amethyl group to the 5th carbon position of cytosine that is5' to a guanine
in GC-rich regions known as CpG islands, which are frequently located in the
5'-end of regulatory regions of genes (8,9) This epigenetic reaction does not
usually change nucleotide sequences nor affect the specificity of DNA base
pairing, but it can have inhibitory effects on gene expression (8,9).

The DMH methodology in essence comprises of three fundamental compo-
nents: the panel array of CpG island clones, the DNA samples under investiga-
tion, and hybridization of the sample DNAs onto the CpG arrays. Unlike
cDNA arrays that use expressed sequence tags as hybridization templates, the
DMH approach uses genomic DNA sequences that are GC-rich and contain
restriction sites that are sensitive to methylation for the testing. Through the
elegant work of Cross et al. (10), a human genomic library called CGI that is
specifically enriched for 0.2-2 kb CpG island sequences was made available
to us. To generate a membrane panel of CpG islands, CGI clones negative for

From: Methods in Molecular Biology, vol. 200: DNA Methylation Protocols
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Fig. 1. Schematic flowchart for differential methylation hybridization. (A) The
selection of CpG island genomic clones gridded on high-density arrays. (B) The
preparation of amplicons used as hybridization probes.

repetitive sequences werefirst identified by colony hybridization, then selected
for polymerase chain reaction (PCR) amplification and arrayed onto solid sup-
ports (Fig. 1A). A four-base restriction enzyme, such as BstUI, Hpall, or Hhal,
whose recognition sites contain the CG dinucleotides and are methylation-
sensitive for restriction, is key to the DMH analysis.

The interrogating probes, or “amplicons,” can be prepared from the tumor
and its corresponding normal sample (Fig. 1B). Genomic DNA isfirst cut with
a four-base cutter, Msel, which restricts bulk DNA into smaller fragments of
<200 bps but leaves the larger GC-rich CpG island fragments relatively intact
(10). This latter fraction is then ligated to linker primers for subsequent PCR
amplifications. Repetitive sequences are next depleted from the DNA samples
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Fig. 2. Representative results of differential methylation hybridization. PCR
products of atotal of 736 CpG island clones were dotted onto membrane in duplicate
and hybridized first with 32P-labeled amplicons from normal ovarian tissue. The same
membrane was later hybridized with amplicons derived from ovarian tumor. Eight
control DNA samples were dotted in quadruplicate on the four corners of the array
to serve as orientation marks and for comparison of hybridization signal intensities.
Arrows mark the position of some “hypermethylated” clones, showing greater signal
intensities in the panel hybridized with tumor amplicon than in the same panel
hybridized with normal amplicon.

by subtractive hybridization using human Cot-1 DNA, and the samples are
digested with a methylation-sensitive restriction enzyme. The overall DNA
sample is lastly amplified by linker-PCR prior to hybridization onto the
membrane. In this design, genomic fragments containing unmethylated CG
sites in one DNA sample, e.g., normal control, are cut and cannot be ampli-
fied, whereas these same fragments containing these restriction sites that are
potentially methylated in the tumor sample are protected from digestion and
are subsequently amplified by PCR. The differentially methylated sequences
may therefore be identified by comparing the hybridization signal intensities
between the tumor and normal amplicons on the CpG island arrays (Fig. 2).
CpG idslands that are candidates for aberrant methylation in cancer cells can
then be cloned for further characterization. In addition to cancers, DMH may
be applicable for studying changes of DNA methylation in aging and cell
differentiation and development.

2. Materials

1. Human CpG island CGI genomic library (United Kingdom Human Genome
Mapping Project Resource Centre; http://www.hgmp.mrc.ac.uk/).

2. 96-well toothpick holder, 96-pin MULTI-BLOT™ replicator system, and 4 x 4
MULTI-PRINT register frame (V&P Scientific, San Diego, CA).

3. 96-well culture plates (Fisher Scientific, St. Louis, MO).



90

ISPl

10.

11
12.

13.

14.

15.

16.

17.

Yan et al.

SealPlate™ adhesive sealing films for 96-well culture plates (Midwest Scientific,
St. Louis, MO).

96-well microplates and Microseal ™ ‘A’ film (MJ Research, Watertown, MA).
RAGE® Rapid Agarose Gel Electrophoresis. RGX-100 System (Cascade Biolog-
ics, Inc., Portland, OR).

PCR primers: HGMP 3558.1: 5'-CGG CCG CCT GCA GGT CTG ACC ATA
A-3'; HGMP 3559.1: 5-AAC GCG TTG GGA GCT CTC CCA TAA-3'; H-12:
5'-TAA TCC CTC GGA-3'; H-24: 5-AGG CAA CTG TGC TAT CCG AGG
GAT-3' (GibcoBRL/Life Technologies, Rockville, MD).

10X TBE buffer, per L: Trizma, 109 g; boric acid, 55 g; 0.5 M Na,EDTA, 40 mL.
T4 DNA ligase (400 U/uL supplied with 10X ligase buffer), Deep Ventg® (%)
DNA polymerase (2 U/uL, supplied with 10X ThermoPol reaction buffer), restric-
tion enzymes Msel (4 U/uL, supplied with 10X NEBuffer 2) and BstUI (10 U/pL,
supplied with 10X NEBuffer 2 and 100X BSA at 10 mg/mL fromwhich 10X BSA
is prepared), and NEBIot® Kit (supplied with random octadeoxyribonucl eotides
in 10X labeling buffer, DNA polymerase |-Klenow fragment, 5 U/uL, and dNTPs,
0.5 mM in Tris-HCI, pH 7.0) (New England BioL abs, Beverly, MA).

QIAquick PCR purification kit (contains QI Aquick spin columns, buffer PB, and
buffer PE) (Qiagen, Valencia, CA).

Nytran N nylon transfer membrane (Schleicher & Schuell, Keene, NH).
QuickDraw™ bl otting paper, ampicillin, dimethyl sulfoxide (DM SO), bromphe-
nol blue-xylene cyanole dye solution (Sigma, St. Louis, MO).

Deoxynucl eotide triphosphates (ANTPs), 100 bp DNA ladder, and nick translation
enzymes: DNA polymerase | (10 U/uL, supplied with DNA polymerase | 10X
reaction buffer) and RQ1 RNase-free DNase (1 U/uL) (Promega, Madison, WI).
0.4 mM Biotin-14-dCTP, human Cot-1 DNA (1 mg/mL for Cot-1 subtraction
and for hybridization subtraction, 10 ng/uL for labeling reactions), 20X SSC
buffer, 1 M Tris buffer pH 8.0, 5 M NaCl, and 0.5 M ethylenediaminetetraacetic
acid (EDTA) (GibcoBRL/Life Technologies).

Streptavidin magnetic particles and G-50 Sephadex® Quick Spin™ columns
(Boehringer Mannheim, Indianapoalis, IN).

Redivue [0]32P-dCTP: 3,000 Ci/mmol (Amersham Pharmacia Biotech, Piscat-
away, NJ).

High-efficiency hybridization solution (HEHS) (Molecular Research Center,
Cincinnati, OH).

3. Methods
3.1. CpG Island Array Preparation
3.1.1. Colony PCR

1

2.

Escherichia coli harboring plasmids of the CGI library are grown on LB agar
plates according to standard procedures.

To prepare for amplification of gene inserts, individual colonies are first grown
in a96-well culture plate containing 50 pL LB broth plus ampicillin (50 pg/mL)
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Table 1

Master Mix for Colony PCR

Reagents Per sasmple (uL)  Per 100 samples (uL)
Water 175 1750
10X ThermoPol buffer 25 250
DMSO 25 250
HGMP 3558.1 (4 uM) 1 100
HGMP 3559.1 (4 uM) 1 100
dNTP (2.5 mM each) 0.25 25
Deep Ventg (¥°7) DNA Polymerase (2 U/pL) 0.25 25
Total volume 25 2500

per well. A 96-hole toothpick holder is placed over the plate and autoclaved
toothpicks are used to transfer and deposit bacterial cells into each well of the
96-well plate. The culture plate is sealed with SealPlate™ plastic film and the
colonies are grown in a 37°C shaker incubator overnight.

3. Inorder to amplify the insertsin a 96-well microplate, a master mix is prepared
and 25 pL is pipetted to each well (see Table 1).

4, The 96-pin MULTI-BLOT replicator is dipped into the culture microplate,
transferred to the 96-well plate containing the PCR reaction, and swirled to
mix. Quickly re-dip the replicator into the culture plate a second time and touch
the PCR mixture again but without swirling. Seal the PCR microplate with
Microsea ‘A’ Film.

5. The following PCR program (PTC-100 thermocycler, MJ Research) is utilized
for the amplification:

Step 1: 98°C for 4 min — Step 2: 95°C for 45s — Step 3: 55°C for 45 s
Step 4: 72°C for 1 min - Step 5: Go to Step 2 for 29 times —
Step 6: 72°C for 5min - Step 7: 4°C to co.

6. At the completion of the PCR cycles, 1 pL of the PCR product from each
well is pipetted to a new 96-well microplate for determining the presence of
methylation-sensitive sites using a restriction enzyme. To the remainder of the
PCR sample, 2 pL bromophenol blue-xylene cyanol tracking dye is added for
using them to screen-repetitive sequences in a Cot-1 hybridization procedure
(see Subheading 3.1.3.).

3.1.2. Methylation-Sensitive Restriction Digest

1. A master mix is prepared for the four-base cutting enzyme BstUI to the quantity
of 14 uL per well in the new 96-well microplate that contains 1 uL. PCR products
(see Table 2).

2. This 96-well PCR microplate is sealed with Microseal ‘A’ Film and incubated
at 60°C for 1-2 h.
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Table 2

Master Mix for Restricting PCR-Amplified Tags

Reagents Per sample (uL) Per 100 samples (uL)
Water 12 1200

10X NEB2 Buffer 14 140

BstUI (10 U/pL) 0.6 60

Total volume 14 1400

3. Attheend of digestion, 2.5 uL tracking dyeisadded to each sample and analyzed

on al1% agarose gel using the 96-well gel electrophoresis system of RAGE®. Ten
microliters (10 pL) of the digest isloaded side by sideto 1 uL of the undigested
product of each clone for comparison.

. When electrophoresis is completed, results are documented with a Polaroid
film.

. Evaluate the BstUI digestion patterns. Only clones that give BstUl-digested
bands lower than the undigested PCR product (indicating the presence of BstUI
sites) are considered for printing onto the panel arrays.

3.1.3. Cot-1 Hybridization

1. TheCGl library isfurther screened for repetitive sequences by blot hybridization

using human Cot-1 DNA as the probe. Mount a Nytran membrane onto the
4 x 4 MULTI-PRINT register frame (with 2 sets of 16 alignment holes oriented
toward the bottom of the membrane) and support the assembly on a solid smooth
surface, such as a glass pane. This register frame will alow the printing of up
t01,536 single spots (from sixteen 96-well plates) or 768 double spots (from
eight 96-well plates).

. To spot the CGI clones onto the membrane, first denature the colony PCR
products from the 96-well plate at 95°C for 5 min and then chill on ice. Dip
the clean replicator pins into the denatured PCR products with the guard pin
oriented to the bottom of the plate. Transfer the PCR products to the membrane
by placing the guard pin in the first alignment hole on each side of the register
frame. Each pin transfers a ~0.4 pL drop (~40 ng DNA) onto the membrane.
Every set of PCR products is printed singly for five times in this manner. The
second 96-well PCR plate is printed by using the next alignment hole.

. Once al the sets of PCR products are printed, the membranes are denatured on
blotting paper saturated with, but not immersed in, the denaturing buffer (0.5 M
NaOH and 1.5 M NaCl, pH 10.0-14.0) for 1 min. At the end of the denaturation
step, the membrane is transferred to a blotting paper saturated with neutralizing
buffer (0.5M Tris-HCI and 1.5 M NaCl, pH 7.0-8.0) for 3 min. The membraneis
lastly moved onto a blotting paper saturated with 5X SSC buffer for 3 min. The
membrane is then air-dried and cross-linked with UV.
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4.

Prior to hybridization of the CGI clones with human Cot-1 DNA, the tracking
dye is removed from the membrane by washing it in a solution of 0.1% SDS and
0.2X SSC at 55°C for 12-15 min.

To label the probe, 165 ng human Cot-1 DNA (10 ng/uL) is first denatured at
95°C for 5 min and placed on ice. The 32P-labeling reaction, the membrane
hybridization and the posthybridization washing are carried out as described in
Subheading 3.3. with the exception that human Cot-1 DNA is not included as
arepetitive sequence suppressor.

An overnight exposure to X-ray film or a 4-h exposure to a Phosphorl mager
cassette is sufficient to clearly image Cot-1 positive clones.

Thus from the analyses of BstUI digests and Cot-I hybridization of the CGI
library, clones that are screened positive for BstUl and negative or weakly
positive for human Cot-1 are selected and grown in a new set of 96-well cell-
culture plates as before in 100 uL LB per well with ampicillin (50 pg/mL).
Colony PCR reactions for these clones are carried out according to steps 3-5in
Subheading 3.1.1. with the exception that the four corners of each PCR plate
arereserved for positive internal controls. A test gel is performed again to check
for successful PCR amplification as described in steps 3—4 in Subheading
3.1.2. Meanwhile, a —70°C freezer stock of these culture plates is prepared by
transferring the selected CGI clones with the 96-pin replicator 10 timesto 10 pL
LB broth containing ampicillin in 60% glycerol. It is recommended that a
second set of CGI panels be prepared and stored in a different —70°C freezer
for additional safeguards.

The printing of the CpG island panels is essentially the same as previously
described in steps 1-3 of this section. The final volume of 25 uL PCR master
mix and 6 pL tracking dye will be sufficient for printing 15-20 panels with
each spot printed 5 times in duplicates. After denaturation, neutralization, and
UV cross-linking, the nylon membranes is then ready for hybridization with the
amplicons or can be stored at —20°C until used.

3.2. Amplicon Generation
3.2.1. Msel Digestion

1

2.

3.

High-molecular-weight DNA (0.2-0.5 pg) is cut with Msel according to the
digestion mixture listed in Table 3.

The digestion mixture is layered with autoclaved mineral oil and placed in a
37°C water bath overnight.

Thedigested DNA ispurified using the QI Aquick PCR Purification Kit according
to the manufacturer’s specifications. Briefly, 250 pL PB buffer (or 5X the
digestion volume) is added to the Msel-digested DNA and thoroughly mixed
prior to applying it to the QIAquick spin column. The column is centrifuged
and washed with 750 pL PE buffer. The digested DNA is eluted twice with
50 pL water and vacuum-dried.
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Table 3

Mix for Restricting Genomic DNA

Reagents Per sample (uL) Per 8 samples (uL)
DNA /water 35 280

10X NEB2 buffer 5 40

10X BSA (1 mg/mL) 5 40

Msel (4 U/uL) 5 40

Total volume 50 400

Table 4

Reaction Mix for Ligating Primer Linkers to Genomic DNA

Reagents Per sample (uL) Per 8 samples (pL)
H-12/H-24 (100 uM each) 7 56

10X Ligase buffer 25 20

T4 Ligase (400 U/uL) 2 16

Total volume 115 92

3.2.2. Linker Ligation
1. The ligation step begins with the addition of 13.5 pL water to the dried DNA

samples. Primers H-12 and H-24 (each 100 uM) are first annealed to each other
by mixing equal amounts of each in a microcentrifuge tube, and allowing the
mixture to cool gradually from 55°C to room temperature. The annealed primers
are then added to the DNA. The ligation mixture is as listed in Table 4 and
should be placed onice at al times.
The reaction is carried out in a 14°C water bath for 6 h and then frozen until the
sampleisready to be processed further.
Optional: To determine the completeness of the Msel digestion and the efficiency
of the ligation step, carrying out a test PCR reaction is recommended. One
microliter (1 pL) of the ligated DNA is added to 19 pL of the mixture listed
in Table 5.

This PCR mixtureis layered with autoclaved mineral oil and are amplified as
follows (Step 1 functions to fill in the protruding ends of the ligated DNA):

Step 1: 72°C for 5 min - Step 2: 97°C for 1 min - Step 3: 72°C for

3 min - Step 4: Go to Step 2 for 24 times — Step 5: 72°C for 10 min

- Step 6: 4°C to oo,
Ten microliters (10 pL) of the above PCR product is analyzed on a 1% agarose
gel alongside 1 pL of 100 bp DNA ladder. A diffuse smear with astrong presence
between 0.2-2.0 kb would indicate successful digestion and ligation reactions
(see Note 1).
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Table 5

Reaction Mix to Test Efficiency of Primer Ligation

Reagents Per sample (UL)  Per 8 samples (uL)
Water 13.7 109.6
DMSO 2 16

10X ThermPol buffer 2 16

H-24 (10 uMm) 0.5 4

dNTP (10 mM) 0.4 3.2

Deep Ventg (¥°7) DNA Polymerase (2 U/pL) 04 32

Total volume 19 152

Table 6

Labeling Cot-1 DNA with Biotin

Reagents Per sample (uL) Per 8 samples (L)
Water 102 816

10X DNA Polymerase | buffer 20 160
dNTP (—dCTPR, 300 uM each) 375 300
Human Cot-1 DNA (1 mg/mL) 15 120
Biotin-14-dCTP (0.4 mM) 195 156

DNA Polymerase | (10 U/pL) 3.75 30

RQ1 RNase-free DNase (1 U/puL) 2.25 18

Total volume 200 1600

3.2.3. Cot-1 Subtraction

1. Toremove the majority of the repetitive elements from the ligated DNA sample,

ahuman Cot-1 DNA subtraction step is performed. Fifteen to twenty micrograms
(1520 pg) of the human Cot-1 DNA (1 mg/mL) is labeled with biotin for each
ligated DNA sample by Nick Translation using the master mix in Table 6. All
reagents should be kept onice.

. Incubate the Nick Trandlation reaction mix in a 14°C water bath for 1.5 h. Freeze

the reaction mix at —20°C until subtractive hybridization is ready.

. Optional: To determine the efficiency of the labeling of Cot-1 with biotin, a
“tracer” reaction with 3P is suggested as a test before proceeding further with
preparations of the amplicon DNAS. (See Note 2.)

. Should the biotin-labeling of Cot-1 found to be satisfactory, both the biotin-
labeled human Cot-1 DNA and the ligated DNA are then combined and purified
together using the QIAGEN QIAquick spin columnsasin step 3 of Subheading
3.2.1.
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Table 7

Binding Buffer for Cot-1 Subtraction

Reagents Per sample (uL) Per 8 samples (L)
Water 730.5 5844

1M Tris, pH 8.0 3.75 30

5M NaCl 15 120

0.5M EDTA 0.75 6

Total volume 750 6000

. In order to hybridize Cot-1 to the sample DNA, the dried combined DNA is
reconstituted with 6 uL water and 3 uL 20X SSC. This mixture is layered with
mineral oil and hybridization is carried out in athermocycler as follows:

Step 1: 100°C for 3min — Step 2: 95°C for 5min —

Step 3: 65°C for 16 h - Step 4: 4°C to .
When thermocycler program reaches Step 3, 1 uL 1% SDSis added to the DNA
mixture. This step should be carried out as swiftly as possible.
. Though the previous step hybridizes biotin-labeled human Cot-1 DNA to the
repetitive sequences in the primer-ligated DNA sample, the subtraction step
relies upon the high-affinity binding between biotin and streptavidin-magnetic
particles to remove those repetitive elements. A 1X binding buffer is prepared.
(See Table 7.)
. The streptavidin-magnetic particles are thoroughly mixed and rinsed in the 1X
binding buffer before being used. Add 100 pL magnetic beads to two 0.6-mL
microcentrifuge tubes for each DNA sample. Place the tubes on the magnetic
stand and allow the beads to be tightly drawn to the magnet before removing
the clear suspension solution. Add 200 uL 1X binding buffer to the beads and
re-suspend the beads by mixing. Centrifuge the tubes briefly and replace the
tubes onto the magnetic stand once again, allowing for the beads to be tightly
drawn by the magnet. Remove the clear binding buffer and cap the tubes tightly
until they are ready to be used.
. Carefully remove the mineral oil from the 10 pL Cot-1 hybridized DNA sample
and to it, add 140 uL 1X binding buffer. Mix thoroughly and transfer the sample
to the first tube of rinsed streptavidin beads. Allow for the binding of biotin to
streptavidin for 20 min with intermittent mixing at room temperature. To remove
the hybridized repetitive sequences, place the tube on the magnetic stand where
the streptavidin beads would draw the hybridized complexes away. The clear
sample suspension is then transferred to the second tube of rinsed streptavidin
beads. Repeat the incubation step for another 20 min. The Cot-1 subtracted
sample DNA is then purified using the QIAquick PCR Purification Kit, where it
is eluted twice with 50 uL water. Dry the purified DNA under vacuum.
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Table 8

Reaction Mix for Amplifying Restricted DNA

Reagents Per sample (UL)  Per 8 samples (uL)
Water 274 219.2
DMSO 4 32

10X ThermoPol Buffer 4 32

H-24 (10 pm) 1 8

dNTP (10 mM each) 0.8 6.4

Deep Ventg (¥°7) DNA Polymerase (2 U/pL) 0.8 6.4

Total volume 38 304

3.2.4. Methylation-Sensitive Restriction and Amplification

1

Reconstitute the dried DNA with 20 pL water. Take 8 uL DNA and mix it with 1
pL BstUl (10 U/uL ) and 1 L 10X NEB 2 buffer. Layer the mixture with mineral
oil and incubate the tube in a 60°C water bath overnight. Save the remaining
12 uL DNA and label the tube as “Msel digested-Cot-1-subtracted (MLC)” for
future use. (See Note 3.)
Two microliters (2 uL) of the BstUI digested DNA is PCR amplified by adding
38 L of the mixture listed in Table 8.

Step 1: 72°C for 5min - Step 2: 97°C for 1 min -

Step 3: 72°C for 3min - Step 4: Go to Step 2 for 14-19 times —

Step 5: 72°C for 10 min — Step 6: 4°C to «. (See Note 4.)
These PCR products are purified with the QIAquick PCR Purification Kit and
the purified DNA is eluted twice with 40 pL water. The amplified DNA is dried
under vacuum and reconstituted with 50 puL water.

3.3. Array Hybridization

1

Before the amplicons are hybridized onto the CpG island arrays, these sample
DNA are labeled first with isotopes. Labeling is carried out with the NEBIot®
kit listed in Table 9. Sixteen and a half microliters (16.5 pL) of the purified
DNA isfirst denatured at 95°C for 5 min in a 0.6 mL microcentrifuge tube and
placed onice for 2 min.

Eight and a half microliters (8.5 puL) of the labeling solution is added to the
denatured sample and the reaction isincubated at 37°C for 1 h. Whilethelabeling
reaction is underway, prehybridize the CpG island array panel in 7 mL of HEHS
at 65°C for at least 40 min. Also, warm another 3 mL of the HEHS solution at
65°C for each sample in a 15-mL polypropylene tube.

At the completion of the 1-h labeling reaction, purify the amplicon DNA by
eluting it through a G-50 Sephadex column. To determine the labeling efficiency
of the amplicon probe, transfer 1 pL of this32P-labeled probe to amicrocentrifuge
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Table 9

Reaction Mix for Labeling Amplicon with Radioactive Isotope

Reagents Per sample (uL) Per 8 samples (L)
d(GAT)TP (0.5 mM each) 3 24

10X Labeling buffer 25 20
[a]32P-dCTP (3,000 Ci/mmol) 25 20

DNA Polymerase |-Klenow fragments 0.5 4

Total volume 8.5 68

tube and read its activity on a scintillation counter. Only probes with atotal of at
least 2 x 10% cpm should be used for hybridization.

4. Fifty microliters (50 pL) of human Cot-1 DNA (1 mg/mL) isadded to the labeled
amplicon probe as a suppressor of repetitive sequences (see Note 5) and the
DNAs are denatured at 95°C for 5 min. After chilling it on ice for 2 min, it is
added to the 3 mL pre-warmed HEHS. Continue incubating this hybridization
mixture at 65°C for another 20 min. This radiolabeled probe mixture is then
added to the pre-hybridized membrane of arrays and incubated overnight in a
65°C hybridization oven.

5. Posthybridization washing consists of a 20-min wash at 65°C with 0.1% SDS-
0.5X SSC and three 20-min washes at 65°C with 0.1% SDS-0.2% SSC. Mem-
branes are then air-dried and exposed to X-ray films or Phosphorlmager cassettes
for varying amounts of time. (See Note 6.)

4. Notes

1. The quality and the quantity of the DNA used in the amplicon generation
protocol needs to be well-controlled, and the recommended 0.2-0.5 pg DNA
should be followed closely. The test gel for the ligation PCR is revealing in that
insufficient starting DNA would result in bright primer-dimer bands with most
of the intensity observed at the low molecular-weight region. Too much starting
DNA or unsuccessful Msel digestion would result in prominent bands in the
high molecular-weight region. When these conditions occur, adjust the DNA
concentration accordingly until the ligation test PCR appears as an even smear
with intensity around 0.2—2.0 kb.

2. Human Cot-1 DNA subtraction is one of the critical steps in the amplicon
generation protocol. As reaction conditions vary somewhat with every set of
amplicons generated, it is important to document the efficiency of the entire
Cot-1 subtraction step as described in the tracer reaction. Nine microliters (9 pL)
of the Nick Tranglation reaction mixture (step 2, Subheading 3.2.3.) is pipetted
to a separate 0.6 mL microcentrifuge tube containing 1 pL 3?P-dCTP (3,000 Ci/
mmol). Incubate this tube together with the tube of reaction master mix at 14°C
for the same amount of time. The tracer reaction is passed through a prepared
G-50 column after adjusting the volume to 25 pL and the eluate is counted to
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determine the efficiency of radiolabeling. Prepared streptavidin particles are
incubated twice with this 32P- and biotin-labeled Cot-1 DNA for 20 min with
intermittent mixing. After the second incubation period, streptavidin particles
are held immobile on the magnetic stand and the clear fraction is removed
and counted. It is our experience that when experimental conditions are well-
controlled, more than 99.5% of the 32P-labeled, biotin-labeled Cot-1 DNA is
removed by the two streptavidin-binding steps.

3. BstUI, a four-base cutter that is sensitive to methylation for restriction (i.e.,
cuts CGCG, but not "CGCG; ™C; 5-methylcytosine), is a choice enzyme for the
DMH analysis because ~70% of known CpG islands contain its recognition site.
Alternatively, other 4-base methylation-sensitive restriction enzymes such as
Hpall or Hhal are also suitable for DMH.

4. Instep 2 of Subheading 3.2.4., the use of low amplification cycles is important
to prevent the over amplification of leftover repetitive sequences by PCR. The
recommended 15-20 cycles allow optima amplification of unique sequences
without excessively amplifying the remaining repetitive sequences.

5. Two additional means to control against the nonspecific hybridization of repeti-
tive sequences to the CGI panels are the addition of Cot-1 DNA (50 ug) to
32p-| abeled amplicon and the stringent washing temperature at 65°C.

6. It is recommended that several testing steps be performed occasionally to
ensure the quality of DNA amplicons as well as the CGI clones selected for the
panels. One such step is to hybridize the ML C-only control sample from step 1,
Subheading 3.2.4. to the CGlI panels. At this stage, the amplicons have not yet
undergone BstUI digestion, thus they should hybridize to nearly all the clones
on the membrane. Another step is to directly hybridize repetitive sequences,
such as Cot-1 or ribosomal DNA, to the selected CGI panels and document their
hybridization intensities. Having these two pieces of information would greatly
help to interpret experimental resultsin that alesser credence then may be given
to hyper- and hypomethylation of clonesthat are moderately or strongly positive
to these repetitive DNA.
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Methylated CpG Island Amplification
for Methylation Analysis and Cloning
Differentially Methylated Sequences

Minoru Toyota and Jean-Pierre J. Issa

1. Introduction
1.1. Methylated CpG Island Amplification

CpG idands are clusters of CpG dinucleotides that can be found in the 5
region of about half of human genes (1). Methylation of cytosine within the
5 CpG idlands is associated with transcriptional inactivation of the involved
gene. Aberrant methylation of CpG idlands is an important mechanism of gene
inactivation in cancer (2,3) and other states such as aging and age-related
diseases (4). Such methylation often involves numerous CpG islands, and
emerging data suggests that methylation profiles may be of some utility in
disease detection, prognosis, and risk assessment. However, the measurement of
DNA methylation abnormalities at multiple geneloci is currently cumbersome,
time-consuming, and not easily amenable to automation. Furthermore, the
identification of novel gene sequences hypermethylated in cancer is relatively
difficult and inefficient using current technology (5,6). Methylated CpG island
Amplification (MCA) was devel oped to overcome these problems (7).

The principle underlying MCA involves amplification of closely spaced
methylated Smal sites to enrich for methylated CpG islands. The MCA tech-
nique is outlined in Fig. 1. About 70-80% of CpG islands contain at least two
closely spaced (<1kb) Smal sites (CCCGGG). Only those Smal sites within
these short distances can be amplified using MCA, ensuring representation
of the most CpG rich sequences. Briefly, DNA is digested with Smal, which
cuts only unmethylated sites, leaving blunt ends between the C and G. DNA
is then digested with the Smal isoschizomer Xmal, which does cut methylated

From: Methods in Molecular Biology, vol. 200: DNA Methylation Protocols
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S s gm gmgm Genomic DNA with an un-
L1 I [ ] methylated CpG Island (C1), a
Cl1 C2 methylated CpG Island (C2), and
an isolated Smal site.
Digest with Smal
S S s" sms™ Smal sites in C1 cut with blunt
—_— ] Ll ends. Methylated Smal sites are
C1 C2 intact.
Digest with Xmal
S S s” s s Methylated S sites are cut with
—— Sl S ‘sticky ends’ (< >), un-methylated
C1 C2 S sites left with blunt ends
Ligate adaptors to the sticky ends
S S s" s™ 8™ PCR with adaptor specific
J J i
—— primers
c1 r e

Z,
7~ r—f—f_’ Methylated CpG Island
/—;_/'4 /'f'/f', amplicon

Dot Blot | RDA |

Analysis

Fig. 1. Outline of the MCA procedure. S, unmethylated Smal site; S™ Methylated
Smal site.

CCCGGG sites, and which leaves a 4-base overhang. Adaptors are ligated to
this overhang, and PCR is performed using primers complementary to these
adaptors. The amplified DNA is then spotted on a nylon membrane and can be
hybridized with any probe of interest.

To identify CpG idlands differentially hypermethylated in cancer (or any
appropriate condition); MCA amplicons can be used as templates for subtrac-
tion techniques such as representational difference analysis (RDA) (8), using
DNA from cancer as tester and DNA from normal tissue as driver. Because
this combination is positive selection, contamination of tumor samples with
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normal cells has little unfavorable effects for the subtraction. In addition to
disease-related genes, this technique could potentially be used to identify novel
imprinted genes, as well as genes on the X-chromosome.

1.2. Advantages and Disadvantages of MCA

Compared to other techniques used to detect methylation and/or differentially
methylated genes, MCA has several advantages. 1) A large number of samples
can be analyzed rapidly at multiple loci, 2) many steps of MCA can be readily
automatable, 3) MCA allows for an unbiased representation of CpG islands
without requiring prior knowledge of their DNA sequence, and 4) novel
differentially methylated CpG islands can be amplified and cloned relatively
simply, without the need for acrylamide gels or two-dimensional (2-D) gel
electrophoresis. However, MCA also has a few potential disadvantages in
that 1) it requires relatively good-quality DNA, precluding the use of paraffin-
embedded samples, 2) it examines only a limited number of CpG sites within
CpG idands, 3) CpG islands that do not contain two closely spaced (1 kb)
Smal sites cannot be analyzed, 4) false-positives can result from incomplete
digestion using the methylation-sensitive restriction-enzyme Smal.

2. Materials
2.1. MCA

1. Restriction enzymes Smal, Xmal.

2. TADNA ligase.

3. Tag DNA polymerase.

4. 10X polymerase chain reaction (PCR) reaction buffer: 670 mM Tris-HCI,
pH 8.8, 40 mM MgCl,, 160 mM NH,(SQ,),, 100 mM [B-mercaptoethanol,
1 mg/mL bovine serum abumin (BSA).

. TrisEDTA (TE), pH 8.0.

. DNA precipitation reagents: Phenol/Chloroform, pH 8.0-9.0, 3M NaOAc (for
general precipitation); 5 M NH,OAc (for precipitation and quantitation when
dNTPs are present); 100% ETOH.

7. Agarose gel electrophoresis reagents.

8. Filter hybridization reagents: 96 pin replicator system (Nunc), Nylon membranes,

DNA hybridization solution (e.g., BLOTTO), Random-primed DNA labeling kit,
Wash solutions: Wash 1 2X SSC, 0.1% SDS; Wash 2 0.1X SSC, 0.1% SDS.

2.2. RDA and Cloning PCR Products

. 3X EE buffer: 30 mM EPPS (Sigma), pH 8.0, 3 mM ethylenediaminetetraacetic
acid (EDTA), pH 8.0.

5M NaCl.

cDNA spun column (Amersham).

Mung bean nuclease (NEB).

. pBluescript (Stratagene).

o O

=
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2.3. Oligonucleotides
RXMA primers

RXMA24 : 5-AGCACTCTCCAGCCTCTCACCGAC-3
RXMA12 : 5'-CCGGGTCGGTGA-3

IXMA24 : 5-ACCGACGTCGACTATCCATGAACC-3
JXMA12 : 5'-CCGGGGTTCATG-3

NXMA24 : 5-AGGCAACTGTGCTATCCGAGTGAC-3'
NXMA12: 5-CCGGGTCACTCG-3'

RMCA primers

RMCA24 : 5'-CCACCGCCATCCGAGCCTTTCTGC-3
RMCA12: 5'-CCGGGCAGAAAG-3

JMCA24 : 5'-GTGAGGGTCGGATCTGGCTGGCTC-3'
JMCA12 : 5'-CCGGGAGCCAGC-3

NMCA24 : 5-GTTAGCGGACACAGGGCGGGTCAC-3
NMCA12 : 5-CCGGGTGACCCG-3

3. Methods
3.1. Preparation of MCA Amplicons

3.1.1. Digestion of Genomic DNA

1.
2. Add 20 units of Xmal and incubate at 37°C for 6 h.

3.

4. Precipitate the DNA: Add 1/10th volume 3 M NaOAc and 2 volumes 100%

Digest 5 pg of genomic DNA using 100 units of Smal over night.
Add one volume PC9, vortex, spin, and extract the supernatant.

ETOH. Store at —70°C for 1 h and centrifuge 30 min at >10,000g. Pour the
ETOH out, air-dry the pellets.

Resuspend in 10-20 pL TE and determine DNA concentration using a
spectrophotometer.

3.1.2. Ligation of Adapter

1

2.

3.

4,

Prepare an adaptor mixture by diluting the primers to 100 uM and combining
50 pL of RXMA24 with 50 uL RXMA12 (or RMCA24 and RMCA12).
Incubate at 65°C for 2 min and cool to room temperature for 30-60 min. This
mixture can be stored at —20°C for up to 6 mo.

Mix thefollowing: 500 ng of Digested DNA, 10 uL of adaptor mixture, 400 Unitsof
T4 DNA ligase, 3 L of 10X ligase buffer and water to atotal volume of 30 pL.
Incubate at 16°C for 3-16 h.

3.1.3. PCR Amplification

1

Prepare tubes containing 10 uL of 10X PCR buffer, 100 pmol of RXMA24 (or
RMCA24) primers, 15 Unitsof Tag DNA polymerase, 1.2 uL dNTP mix (25 mM),
OpL (RXMA) or 5L (RMCA) DM SO, H,0 to atotal volume of 97 pL.
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3.2.

. Add 3 pL of ligation mixture. Cover with mineral oil.
. Tofill the 3'-recessed ends of the ligated fragments, incubate at 72°C for 5 min.
. Perform 25 cycles of PCR (95°C for 1 minand 72°C [for RXMA24] or 77°C [for

RMCA24] for 3 min), with afinal extension time of 10 min.

. After the reaction, electrophorese 10 pL of the PCR productsin a 1.5% agarose

gel to check the quality of the amplification. You should see a relatively strong
smear, ranging from 300 bp to 2 kb.

Detection of Aberrant Methylation by Dot-Blot Analysis

3.2.1. Preparation of Filters

1

2.

© N

10.

Transfer the PCR products to a new tube and add 2/3 vol of 5 M NH,OAc and
350 pL of 100% ethanol.

Chill at =70°C for 1 h and precipitate DNA by centrifugation. Resuspend DNA
in 10-15 pL TE buffer and quantitate in a spectrophotometer.

Dilute IndiaBlack Ink by adding 20 pL to 10 mL H,0. Add 20 L of thisdiluted
solution to 10 mL 20X SSC.

Dilute 1 pg of MCA amplicon in TE (total volume 4 pL). Add 2 uL of the
20X SSC/IndiaInk solution.

Blot (in duplicate) onto nylon membranes. The easiest way to do thisisto transfer
the DNA mix to a 96-well plate and use a 96-pin replicator system (Nunc). Dry
the membrane at room temperature (RT) for 30 min.

Place thefiltersin 0.5 M NaOH/1.5 M NaCl solution for 5 min.

Place thefiltersin 0.5 M Tris-HCI, pH 8.0/1.5 M NaCl. Neutralize for 5 min.
Transfer thefiltersto 3 M SSC and rinse for 5 min.

Dry thefiltersat RT for 1 h.

Cross link the DNA to the filters using a UV cross-linker (or bake at 80°C for
30 min).

3.2.2. Hybridization

1

2.

5.
6.

3.3.

Prehybridize filters in a DNA prehybridization solution such as Blotto at 65°C
for 3 h.

Label 20 ng of the probe using random priming and 2P dCTP. Boil the probe,
cool onice, and add to the hybridization solution.

Hybridizefilters for 12-16 h.

Wash with 2X SSC, 0.1% SDS at 65°C for 10 min twice, and 0.1X SSC,
0.1% SDSat 65°C for 20 min.

Expose the filters to a phosphor screen (or use conventiona film autoradiography).
Develop after 1-3 d exposure. See examples of resultsin Fig. 2.

MCA Coupled with RDA

3.3.1. Outline

For detection of differentially methylated sequences, it is necessary to
generate MCA amplicons from the tester samples (e.g., a cancer sample) and
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Fig. 2. Example of dot-blot analysis of MCA products. MCA was performed as
described in the text on three pairs of colon cancer (C) and adjacent normal mucosa (N)
(top panel). For controls, we used MCA products from the colon-cancer cell line Caco2
and anormal colon sample mixed in varying proportions (bottom panel). The numbers
below the bottom panel represent the percentage of Caco2 DNA in the samples (prior
to MCA). Thus, the lane labeled 100 has only Caco2 DNA, the lane labeled 0 has
only normal colon DNA, and the lane labeled 50 contains an equal mixture of Caco2
and normal colon. The blots were probed with MINT31, a DNA fragment obtained
by MCA/RDA using Caco?2 as the tester and normal colon as driver. Note that MCA
appears to detect MINT31 methylation semi-quantitatively (bottom panel), and that
MINT3L1 is methylated in all three cancer samples but in less than 1% of the normal
adjacent colon.

relatively large quantities of MCA amplicons from the driver samples (e.g.,
DNA from normal tissues) with the adaptorsremoved. Thetester’'s adaptorswill
then be changed and the DNA hybridized with driver DNA, followed by PCR
amplification using the second set of adaptors. The subtraction is then repeated
once, and the resulting amplicons are further cloned and characterized.

3.3.2. Removal of Adaptors from the Driver Amplicon

1. Perform MCA on multiple aliquots of driver DNA. We typically run 10 reactions
in paralel. Verify and pool the aliquots. Quantitate in a spectrophotometer.

2. Digest the driver MCA amplicons using 2 Units/ug Smal to remove the RMCA/
RXMA adaptor. Inactivate Smal by phenol/chloroform extraction.

3. Remove the adaptors using a cDNA Spun column (Amersham).

4. Electrophorese an aliquot of DNA before and after column filtration to check for
complete elimination of adaptors.
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5. Add 1/30th volume of 3 M Sodium acetate, two volumes of ethanol, chill at
—70°C, precipitate by centrifugation, resuspend in 200400 puL TE, and quantitate
by spectrophotometry.

6. 80 g of processed driver DNA isrequired per tester sample (per condition).

3.3.3. Change of Adaptors on the Tester Amplicon

1. Digest 5 pg of tester MCA amplicons using 20 Units Xmal to remove the
RMCA/RXMA adaptor. Inactivate Xmal by phenol/chloroform extraction.

2. Remove the adaptors using a cDNA Spun column (Amersham).

3. Electrophorese an aliquot of DNA before and after column filtration to check for
compl ete elimination of adaptors.

4. Add 1/30th volume of 3 M Sodium acetate, two volumes of ethanol, chill at
—70°C, precipitate by centrifugation, resuspend in 10-20 pL TE, and quantitate
by spectrophotometry.

5. Prepare IMCA and/or IXMA adaptors as described in Subheading 3.1.2. Ligate
the adaptorsto 0.5 g of the above DNA as described in Subheading 3.1.2.

3.3.4. Competitive Hybridization

1. Add 70 pL of TE to the ligation mix and purify DNA by phenol/chloroform
extraction. Mix all of this DNA with 40 pg of MCA amplicons from driver
DNA.

2. Add 1/10th volume of 3M NaOAc and 2 vol of ethanol, chill at —70°C for 30 min,
and centrifuge for 30 min.

3. Dissolve DNA in 4 pL of 3X EE (30 mM EPPS, 3 mM EDTA) solution and
transfer to a 0.5-mL microcentrifuge tube.

4. Denature DNA at 96°C for 10 min, quick spin, add 1 pL of 5M NaCl, cover with
mineral oil, and incubate at 67°C for 20 h (thisis best done in a thermocycler).

3.3.5. Selective Amplification

1. Heat 100 pL of 1 M NaCl at 67°C for 5 min, and add 45 pL to the competitive
hybridization solution.

2. Prepare PCR mixture as follows: 10 pL of 10X PCR buffer, 5 pL (1/10th) of
the hybridization mix; 1.2 pL of 25 mM dNTP mix, 100 pmol JXMAZ24 (or
JMCA24) primers, 15 Units of Taq DNA polymerase, O pL (RXMA) or 5 pL
(RMCA) dimethylsulfoxide (DM SO), H,O to atotal volume of 100 pL. Cover
with mineral oil.

3. Fill the ends at 72°C for 5 min. PCR amplification is then done at 10 cycles
of 95°C for 1 min and 72°C (JXMAZ24) or 77°C (JMCAZ24) for 3 min. Final
extensionisat 72°C for 10 min.

4. Transfer the PCR products to a clean microcentrifuge tube.
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5. Todigest the single-stranded amplified MCA products, add 10 uL of 10X Mung
bean nuclease buffer and 100 units of Mung bean nuclease, and incubate at
30°C for 30 min.

6. Purify DNA with phenol/chloroform extraction, add 2/3 vol of NH,OAc, and two
volumes of ethanoal, chill at —70°C for 30 min and precipitate by centrifugation.

7. Resuspend DNA in 50 pL water. Add 10 pL of 10X PCR buffer, 1.2 uL of 25 mM
dNTP mix, 100 pmol JXMA24 (or IMCA24) primers, 15 Units of Tag DNA
polymerase, O uL (RXMA) or 5 uL (RMCA) DM SO, H,0 to atotal volume of
100 pL. Cover with mineral oil.

8. PCR amplification is then done at 20 cycles of 95°C for 1 min and 72°C
(JXMAZ24) or 77°C (IMCA24) for 3 min. Final extensionisat 72°C for 10 min.

9. After the reaction, electrophorese 10 pL of the PCR productsin a 1.5% agarose
gel to check the quality of the amplification. You should see a DNA smear,
ranging from 200 bp to 1 kb.

3.3.6. Second-Round Subtraction

1. Remove IMCA/IXMA adaptorsand ligate NMCA/NXMA adaptors as described
in Subheading 3.3.3.

2. For the second round of subtraction 100 ng of tester and 40 pg of driver are
used. Hybridize and proceed with PCR as outlined in Subheadings 3.3.4.
and 3.3.5.

3. Clonethe MCA products obtained after two rounds of subtraction and amplifica-
tion: DNA is digested with Xmal, purified by phenol/chloroform extraction and
ethanol precipitation.

4. Resuspend the DNA in water and ligate to pBluescript (or your favorite cloning
vector) digested with Xmal and treated with calf intestinal phosphatase. Trans-
form appropriate strains of bacteria, grow overnight and screen the colonies for
the presence of inserts.

3.3.7. Identification of Differentially Methylated Sequences

1. At this point, many of the inserts are Alu repetitive elements, and some are
false-positives.

2. To identify nonrepeated true positives, we first amplify the inserts by PCR and
screen them by dot-blot hybridization using an Alu probe.

3. All non-Alu hybridizing inserts are then used as probes on filters containing
MCA amplicons from tester and driver.

4. All inserts that detect a strong dot in the tester and a weak (or absent) dot in
the driver are sequenced and further characterized by Southern blotting and
other techniques.

4. Notes

1. CpG islands vary in their CpG density such that different PCR primers and
conditions may be required for effective MCA amplification. For this reason, we
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have developed two different sets of primers (RMCA and RXMA) that differ
in CG content and represent slightly different subsets of CpG islands. On
average, the RMCA primers amplify smaller and more CG rich fragments than
RXMA. Some probes work well using either condition, but others work better
(or exclusively) using one of the sets of primers. For example, the P16 CpG
island amplifies better with RMCA. Thus, to adapt this procedure to a known
gene, one has to try both RMCA and RXMA, probe with a DNA fragment that
is contained between two Smal sites in the gene of interest, and determine
the optimal condition. In some cases, it may be required to change the PCR
conditions and/or primers. Similarly, for cloning differentially methylated CpG
islands, we have used both RMCA and RXMA amplicons, and have obtained a
different spectrum of sequences.

It is highly recommended to add positive and negative controls for MCA on
every filter. For semi-quantitative detection of methylation by MCA, we also
recommend adding a mixture of the positive and negative controls on every
filter. For example, we usually use a mixture of a colon-cancer cell line (Caco2)
and normal colon DNA, where the proportion of the cancer DNA (which is
methylated at the locus of interest) is 100, 50, 10, 1, 0.1, and 0%. The intensity
of hybridization for the unknown samples can then be compared to this dilution
curve (see Fig. 2).

In our experience, 70-90% of the amplified MCA products represents Alu
sequences. After two rounds of subtraction, 50—70% of the subtracted fragments
also contains Alu sequences. This may be due to the fact that some Alu’s are
differentially methylated in cancer. When excluding Alu sequences, 70-80% of
the fragments were true-positives, i.e., differentially methylated. The rest were
sequences methylated in both testers and drivers. Using MCA/RDA, we have not
recovered sequences that are unmethylated in both tester and driver.

4. Taq Gold (PE) does not work well in these assays. Use regular Taq instead.
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Isolation of CpG Islands Using
a Methyl-CpG Binding Column

Sally H. Cross

1. Introduction

Vertebrate genomes are globally heavily methylated at the sequence CpG,
with the exception of short patches of GC-rich DNA of between 1-2 kb in size
that are free of methylation, and these are known as CpG islands (seerefs. 1
and 2 for reviews). In addition to distinctive DNA characteristics, CpG islands
also have an open chromatin structure in that they are hyperacetylated, lack
histone H1, and have a nucleosome-free region (3). The major reason for
interest in CpG islands is that they co-localize with the 5" end of genes. Both
promoter sequences and the 5' parts of transcription units are found within
CpG idlands. It has been estimated that 45,000 (56%) of human genes and
37,000 (47%) of mouse genes are associated with a CpG island (4) and these
include all genes that are ubiquitously expressed as well as many genes with a
tissue-restricted pattern of expression (5,6).

Generaly CpG islands remain methylation-free in al tissues, including the
germ-lineregardlessof theactivity of their associated gene. Therearethreemajor
exceptions to this. These are CpG islands on the inactive X chromosome (7),
CpG idlands associated with nonessential genes in tissue-culture cell lines
(8) and CpG islands associated with some imprinted genes (9). Epigenetic
gene silencing associated with aberrant methylation of CpG islands is found
in both cancer and ageing (10,11; see ref. 12 for areview). Why CpG islands
are protected from methylation is not clear, but deletion of functional Spl
binding sites from both the mouse and hamster Aprt genes result in CpG island
methylation suggesting that such functional transcription-factor binding sites
are involved (13,14). This notion is supported by studies examining two of
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the rare CpG islands not found at the 5' end of a gene (15,16). In both cases,
transcripts arising from the CpG-island region have been identified (17,18).
Replication of CpG islands during early S phase has also been suggested to be
involved in the protection of CpG island from methylation asit has been found
that replication origins are often found at CpG islands (19).

The unusual base composition and methylation-free status of CpG islands
enables their detection by restriction enzymes whose sites are rare and, if
present, usually blocked by methylation in the rest of the genome (20), and this
has proved useful for both mapping and identification of CpG island genes.
Here amethod is described by which largely intact CpG islands can be isolated
from both whole genomes and cloned DNASs by exploiting the differential
affinity of DNA fragments containing different numbers of methyl-CpGs for
a methyl-CpG binding domain (MBD) column (21). These columns consist
of the MBD of the protein MeCP2 (22,23) coupled to a resin. MeCP2 is
one of a family of proteins that binds symmetrically methylated CpGs in
any sequence context and is involved in mediating methylation-dependent
repression (22,24-26). DNA encoding the MBD was cloned into a bacterial
expression vector to give plasmid pET6HMBD, which, when expressed, yields
a recombinant protein, HMBD, consisting of the MBD preceded by atract of
six histidines (21). This histidine tag at the N-terminal end enables the HMBD
protein to be coupled to a nickel-agarose resin, which can be packed into a
column. DNA fragments containing many methylated CpGs bind strongly
and unmethylated DNA fragments bind weakly to MBD columns (21). On
average, within CpG islands CpGs occur at a frequency of 1/10 bp and are
unmethylated, whereas outside CpG islands CpGs are found at a frequency
of 1/100 bp and are usualy methylated. CpG islands are 1-2 kb in size and
therefore contain between 100-200 CpGs. When unmethylated, as is usually
the case in the genome, they show little affinity for binding to MBD columns.
However, when methylated, they bind strongly and can be purified away from
other genomic fragments that contain few methylated CpGs and therefore
bind weakly.

Using MBD columns CpG island libraries have been made for several
species (21,27-29). Use of these libraries as probes has shown that, in each
case, CpG islands are nonrandomly distributed such they are concentrated in
early-replicating, highly acetylated genomic domains (27-30 and see also ref.
31). The representation of each CpG island in these libraries is unaffected by
the expression pattern of its associated gene. Therefore CpG island libraries
contain an unbiased collection of fragments of the 5' ends of many genes,
which, because they overlap the 5" end of the transcription unit, can be used to
identify the associated full-length cDNAs either by screening cDNA libraries
or searching sequence databases. When used as probes, CpG isandsare usually
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found to be single-copy which facilitates their use to both isolate cDNAs and
to map genes. Asthey contain promoter sequences and therefore transcription-
factor binding sites, they can be screened for genes controlled by a particular
transcription factor (32). MBD columns have also been used to isolate CpG
islands from large genomic clones (33) and sorted human chromosomes (34).
Analysis of the human genomic fraction that binds tightly to the MBD column
revealed that the nontranscribed part of the ribosomal repeat was methylated
(35). Finally methylation of CpG islands appears to be one route by which
genes are epigenetically silenced in cancer (reviewed in ref. 12). Such methyl-
ated CpG islands have been identified both by screening the human CpG island
library (36) or by directly isolating methylated CpG islands using the MBD
column (37). The different ways MBD columns can be used are discussed
in Subheading 3.5.
The general protocol can be split into the following steps:

1. Production of HMBD and coupling to nickel-agarose to form the MBD column.

2. Cdlibration of the MBD column using plasmid DNAs containing known numbers
of methyl-CpGs.

3. Redtriction digestion of the DNA of interest such that CpG islands areleft largely
intact and other DNA is reduced to small fragments.

4. Fragments containing clusters of methylated CpGs are removed by passing

the DNA over the MBD column and collecting the flow-through or “stripped”

DNA. These include GC-rich, non-CpG island sequences such as repeats. In the

preparation of CpG-island libraries, this step is important for eliminating such

fragments, which would otherwise contaminate the library.

The stripped DNA is then methylated at all CpGs.

The methylated stripped DNA is then passed over the column again. CpG island

fragments now bind strongly. Elution at high salt yields a DNA fraction highly

enriched for largely intact CpG islands.

o o

Depending on the particular application, some of the aforementioned steps
may be omitted. For example, as methylation is erased on cloning, when
isolating CpG islands from cloned DNA the stripping step 4 is omitted (33).
In some cases, it isthe DNA present in the fraction that binds tightly in step 3
which is of interest (35), for example, when isolating aberrantly methylated
or imprinted CpG islands (37).

2. Materials
2.1. Preparation of the MBD Column

1. LB broth: 1% bacto tryptone, 0.5% bacto yeast extract and 1% NaCl (all w/v).

2. LB agar: As LB broth with the addition of 12 g/L Bacto agar.

3. 100 mM isopropy! B-D thiogalactopyranoside (IPTG) in water, filter-sterilized.
Store at —20°C.
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4, 2X SMASH buffer: 125 mM Tris-HCI, pH 6.8, 20% glycerol, 4% sodium dodecyl
sulfate (SDS), 1 mg/mL bromophenal blue, 286 mM [-mercaptoethanol. Divide
into aliquots, keep the one in use at room temperature, and store the others at
—20°C until required.

5. 100 mM phenylmethylsufonyl fluoride (PM SF) in isopropanol. Store at 4°C. Add
to buffersA, B, C, D, and E to afinal concentration of 0.5 mM just before use.

6. Stock solutions of the following protease inhibitors: leupeptin, antipain, chymo-
statin, pepstatin A, and protinin prepared and stored as recommended by the
manufacturer. Add to buffers A, B, C, D, and E to a final concentration of
5 pg/mL just before use.

7. 20% Triton X-100.

8. Buffer A: 5 M urea, 50 mM NaCl, 20 mM HEPES, pH 7.9, 1 mM ethylenedi-
mainetetraacetic acid (EDTA), pH 8.0, 10% glyceral.

9. Buffer B: 5 M urea, 50 mM NaCl, 20 mM HEPES, pH 7.9, 10% glycerol, 0.1%
Triton X-100, 10 mM [3-mercaptoethanal.

10. Buffer C: 2 M urea, 1 M NaCl, 20 mM HEPES, pH 7.9, 10% glycerol, 0.1%
Triton X-100, 10 mM [3-mercaptoethanal.

11. Buffer D: 50 mM NaCl, 20 mM HEPES, pH 7.9, 10% glycerol, 0.1% Triton
X-100, 10 mM B-mercaptoethanol.

12. Buffer E: 50 mM NaCl, 20 mM HEPES, pH 7.9, 10% glycerol, 0.1% Triton
X-100, 10 mM (-mercaptoethanol, 8 mM immidazole.

13. 1 M immidazole in water, filter-sterilized. Store at room temperature.

2.2. Basic Protocol for Running an MBD Column

1. MBD buffer: 20 mM HEPES, pH 7.9, 10% glycerol, 0.1% Triton X-100.

2. MBD buffer/x M NaCl: 20 mM HEPES, pH 7.9, x M NaCl, 10% glycerol, 0.1%
Triton X-100. The x indicates a variable value as specified in each protocol.

3. 5M NaCl.

4. 100 mM PMSF prepared and stored asin Subheading 2.1. Add to MBD buffers
to afinal concentration of 0.5 mM just before use.

2.3. Calibrating the MBD Column

The reagents required for these protocols are generdly available in molecular
biology laboratories and an extensive list will not be included here. Specifically,
reagents required for DNA isolation, purification, restriction-enzyme trestment, and
methylation will be needed. The reagents and the techniques are described in (38).

3. Methods

In Subheading 3.1., the preparation of an MBD column is described.
Subheadings 3.2. and 3.3. contain the basic protocol for running an MBD
column and how to calibrate it. In Subheading 3.4., the preparation of DNAs
to be fractionated is described and in Subheading 3.5. the various different
ways in which an MBD column can be used are discussed.
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3.1. Preparation of the MBD Column

To prepare an MBD column the recombinant protein HMBD is expressed
in the Escherichia coli strain BL21 (DE3) pLysS, partially purified, coupled
to nickel-agarose resin and packed into a column. The T7 RNA polymerase-
expression system is used to produce HMBD protein (39). This protocol
should produce sufficient HMBD protein to make a 1 mL column, and may
be adjusted as required.

All the steps after step 6 of Subheading 3.1.1. are done on ice or in a cold
room using ice-cold solutions.

3.1.1. Preparation of HMBD protein

1. Streak BL21 (DE3) pLysS (pET6HMBD) from a —80°C stock onto a LB agar
plate containing ampicillin (50 pg/mL) and chloramphenicol (30 pg/mL) and
grow overnight at 37°C to obtain single colonies.

2. Innoculate 100 mL LB broth containing ampicillin (50 pg/mL) and chloram-
phenicol (30 ug/mL) with a single colony. At 37°C shake at about 300 rpm
overnight in a500-mL flask.

3. Inoculate 1.5 L of LB broth containing ampicillin (50 pg/mL) and chlorampheni-
col (30 pg/mL) with 45 mL of the overnight culture. Measure the ODg, (optica
density at 600 nm). This should be approx 0.1. If not, adjust accordingly. Split
the culture between two 2-L flasks and shake vigorously for 2-3 h at 37°C
until the ODgq has reached between 0.3 and 0.5. Remove a 500 pL aliquot
(sample 1).

4. To each flask, add IPTG to a fina concentration of 0.4 mM. Grow the cul-
tures for 3 h at 37°C with vigorous shaking. Remove another 500 uL aliquot
(sample 2).

5. Centrifuge samples 1 and 2 at 14K (full speed) in amicrofuge for 5 min at room
temperature. Resuspend the pelletsin 100 uL sterile, distilled water plus 100 pL
2X SMASH buffer and store at —20°C until required for the analysis gel.

6. Centrifuge the rest of the cells at 2000g for 20 min at 4°C intwo 1 L centrifuge
bottles.

7. Discard the supernatants and resuspend each pellet in 12.5 mL buffer A. Transfer
to a 50 mL tube, add Triton X-100 to 0.1% and mix by gentle swirling. The
solution will become viscous as the cells begin to lyse on addition of the Triton
X-100.

8. Disrupt the cells and shear the DNA by sonication. The extract will lose its
viscosity and may darken in color. Remove a 100 pL aliquot, add 100 pL of 2X
SMASH buffer, mix, and store at —20°C (sample 3).

9. Centrifuge the disrupted cells at 31,0009 for 30 min at 4°C. Pour the supernatant
into a50 mL tube. Remove a 100 mL aliquot, add 100 pL of 2X SMASH buffer,
mix, and store at —20°C (sample 4). Store the remaining supernatant (approx
25 mL) at —80°C until required, otherwise go on to step 3 in Subheading 3.1.2.
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3.1.2. Partial Purification of the HMBD Protein

To do this, the crude protein extract prepared in Subheading 3.1.1. is passed
over a cation exchange resin to which most of the contaminating bacterial
proteins bind weakly but the basic HMBD protein (predicted pl 9.75) binds
tightly.

1. If the protein extract has been stored at —-80°C, thaw in cold water or on ice. Add
protease inhibitors (Subheading 2.1., items 5 and 6) and mix by swirling.

2. To remove insoluble material centrifuge at 31,0009 for 30 min at 4°C. Pour the
supernatant into a 50 mL tube and discard the pellet.

3. Prepare 12 mL of Fractogel EMD SO3°-650(M) (Merck) resin as recommended
by the manufacturer and pipet 5 mL into each of two plastic disposable chroma-
tography columns, such as Econo-Pac columns (Bio-Rad 732-1010). Attach a
syringe needle to each column. This increases the flow rate. Two 5 mL columns
are used rather than one 10 mL column to reduce the time taken by this protocol.
To equilibrate the columns, wash each with 25 mL buffer B, followed by 25 mL
buffer C, and finally with 25 mL buffer B.

4. Arrangethetwo columns so that they can drip into the sametube. Simultaneously,
load half of the supernatant on one column and the other half on the other column.
Collect the flow-through (FT) in asingle 50 mL tube and keep onice.

5. Next, elute the bound protein by washing the columns simultaneously in
12 elution steps. For each wash step, collect the eluates from both columns
into a single 15 mL tube. For washes 14, use 5 mL of buffer B/column; for
washes 5-8, use 5 mL of buffer B + C (27.5 mL of buffer B + 12.5 mL of
buffer C)/column; and for washes 9-12, use 5 mL of buffer C/column. Keep
fractions 1-12 on ice.

6. To ascertain which fractions contain the HMBD protein, remove 10 pL aliquots
from each fraction and the FT. Add 10 pL 2X SMASH buffer to each. Heat these
samples and samples 14 (put aside in Subheading 3.1.1.) at 90°C for 90 s.
Separate 20 pL of each on a15% sodium dodecy! sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel, along with molecular-weight (MW) standards (for
example Protein marker, Broad Range [2-212 kD], New England Biolabs 7701S)
and stain with Coomassie Brilliant Blue R-250 using standard techniques
(38). The MW of the HMBD is 11.4 kD and should be present in samples 24
and fractions 9-12. Pool all fractions enriched for the HMBD protein. The
partially purified extract can be stored at —80°C until required, otherwise go
to Subheading 3.1.2.

3.1.3. Coupling the HMBD Protein to Nickel-Agarose Resin

1. If the protein extract has been stored at —80°C thaw on ice or in cold water.
Add protease inhibitors (Subheading 2.1., items 5 and 6) and mix by swirling.
Remove a 10 pL aliquot and use it to measure the protein concentration by
the Bradford assay (40) using, for example, the Protein Assay kit (Bio-Rad
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7.

500-0002). Typically, thetotal amount of protein will be about 20-50 mg (approx
1 mg/mL). Remove 50 pL of the protein extract, add 50 yL of 2X SMASH
buffer, mix, and keep on ice (sample 5).

Pipet 1 mL of nickel-agarose resin (for example Ni-NTA Superflow, Qiagen
30410) into a 5 mL disposable plastic chromatography column (for example
Poly-Prep chromatography column Bio-Rad 731-1550). Wash with 4 mL of
buffer D to equilibrate.

Load the protein extract onto the column and collect the flow-through (FT) in
a 50 mL tube.

Wash the column with 4 mL of buffer D, followed by 4 mL of buffer E and
finaly with 4 mL of buffer D, collecting twelve 1 mL fractions.

To ascertain if the coupling of the HMBD protein to the nickel-agarose resin
has been successful remove 10 pL aliquots from the FT and each fraction. Add
10 puL 2X SMASH buffer to each. Heat these samples and sample 5 at 90°C for
90 s. Separate 20 uL of each on a 15% SDS-PAGE gel, along with molecular-
weight standards (for example Protein marker, Broad Range [2-212 kD], New
England Biolabs 7701S) and stain with Coomassie Brilliant Blue R-250 using
standard techniques (38). If the coupling reaction has been successful, the HMBD
protein should be visible in sample 5 but absent or present in trace amounts in
the FT and wash fractions.

Estimate the amount of HMBD protein coupled to the nickel agarose. Pool the FT
and the 12 eluted fractionsin a 50-mL tube and measure the protein concentration
asin step 1. Subtract the amount of protein eluted from the amount of protein
loaded to find the amount of HMBD coupled to the resin.

Pack the coupled resin into a column.

3.2. Basic Protocol for Running an MBD Column

When fractionating differently methylated DNAs using anh MBD column,
the same basic procedureisfollowed and thisis outlined here. DNAs are eluted
from MBD columns by increasing the NaCl concentration in the wash buffer.
Generally, a 1 mL column is suitable for most applications. MBD columns
should be run in a cold room using ice-cold solutions. Do not allow the MBD
column to dry out.

1

2.

Prepare MBD buffer and MBD buffer/1 M NaCl. Mix these together to make
MBD buffers containing the required NaCl concentrations.

Equilibratethe MBD column by washing it with 5 column volumes of MBD buffer/
0.1 M NaCl, followed by 5 column volumes of MBD buffer/1 M NaCl, followed
by 5 column volumes of MBD buffer/0.1 M NaCl (see Note 9).

Load the DNA (in MBD buffer/0.1 M NaCl). Wash the column with 5 mL of
MBD buffer/0.1 M NaCl (see Note 10).

To elute bound DNAs increase the NaCl concentration present in the wash buffer
aseither alinear gradient or in steps up to amaximum of 1 M NaCl. Thisisdone
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by mixing MBD buffer and MBD buffer/1 M NaCl in the correct proportions
(see Note 10).

5. During steps2 and 3, collect fractions of the size required in the procedure being
used. The usual size of the fractions collected is 1 or 2 mL, athough in some
cases larger volumes are collected.

6. Wash the MBD column with 5 column volumes of MBD buffer/1 M NaCl
followed by 5 column volumes of MBD buffer/0.1 M NaCl after use and store
at 4°C or in acold room.

3.3. Calibrating the MBD Column

The amount of HMBD coupled on a MBD column determines the NaCl
concentration at which DNAs methylated to different degrees elute. As this
varies from column to column each MBD column should be calibrated by
determining the elution profile of artificially methylated plasmid DNASs that
contain different numbers of methyl-CpGs. To do this a cloning vector such
as pUC19, which contains 173 CpGs (accession number M77789), could be
used, but any plasmid with a known sequence, and therefore a known number
of CpGs, is suitable. Typically, heavily methylated DNA fragments (those
containing greater than 100 methyl-CpGs) elute between 0.7 and 0.9 M NaCl.
Unmethylated DNA generally elutes at 0.5-0.6 M NaCl (but see Note 10)
and DNASs containing intermediate numbers of methyl-CpGs (30-40) elute at
0.1-0.2 M less than heavily methylated fragments (21).

3.3.1. Preparation of the Differentially Methylated Plasmid DNAs

1. Digest 5 ug of plasmid DNA using arestriction enzyme that has one site in the
plasmid and leaves a convenient 5' overhang for end-labeling. For example, if
using pUC19 EcoRl is suitable.

2. Take two aiquots of 2 g of the linearised plasmid DNA. One aiquot is “mock-
methylated,” i.e., treated in the same way asthe other aliquot but with the omission
of enzyme. Methylate the other aliquot using the CpG methylase (New England
Biolabs 226S), which methylates all CpGs as directed by the manufacturer.

3. Assay if the methylation reaction has been successful by testing if the methylated
DNA is now resistant to digestion by methylation-sensitive restriction enzymes
such asHhal or Hpall. Perform reactions with and without enzyme following the
manufacturer’sinstructions using about 30 ng DNA/reaction and analyze on a1%
agarose gel stained with ethidium bromide (38). The “mock-methylated” DNA
should be digested to completion by both Hhal and Hpall, and the methylated
DNA should be resistant to digestion by both enzymes.

4, Extract, precipitate, and resuspend the DNAsin 20 uL TE and measure the DNA
concentration using standard procedures (38).

5. Using standard procedures (38) end-label 600 ng of both the unmethylated and
methylated linearized plasmids using the Klenow enzyme and appropriate |abel ed
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and unlabeled nucleotides. For example, if the plasmid has been linearized with
EcoRlI, which leaves a5'-AATT-3' overhang, use [a]32P dATP and dTTP.

To eliminate unincorporated radi oactivity ethanol precipitatethe DNAS, centrifuge
at 14 K (full speed) in a microfuge for 10 min and wash the DNA pellets twice
with 70% ethanol using standard procedures (38). Dry the DNA pellets either by
air-drying or under vacuum and resuspend each in 600 uL of MBD buffer/
0.1 M NaCl. Monitor each using a handheld Geiger counter to check for suc-
cessful end-labeling. This amount is sufficient for 6 column runs and can be
stored at 4°C for 2—4 wk.

3.3.2. Calibration of a MBD Column Using the End-Labeled Plasmid DNAs

1

2.

Mix together 100 ng (100 pL) of each of the end-labeled unmethylated and
completely methylated plasmid DNAs.

Load the DNA mixture onto a 1 mL MBD column, wash with MBD buffer/
0.1 M NaCl up to 5 mL. Then wash with 5 mL of MBD buffer/0.4 M NaCl fol-
lowed by a40 mL linear salt gradient to 1 M NaCl (i.e., increase the concentration
of NaCl from 0.4 M to 1 M over 40 mL). Finaly wash with 5 mL of MBD
buffer/1 M NaCl. Collect 1-mL fractions in either 5 mL or 1.5 mL tubes as
convenient.

Count the radioactivity in each fraction. The radioactivity should elute from
the column in two peaks during the linear gradient part of the run. Typically,
the first peak will elute at about 0.5 M NaCl and the second peak at about
0.8 M NaCl.

From peak fractions remove 400 pL aliquots. Ethanol precipitate and resuspend
DNA from thesein 10 pL of TE using standard procedures (38).

Determine the methylation status of these DNA samples by restriction-enzyme
analysis as described in Subheading 3.3.1., step 3, using 3 pL of the test
DNA/reaction. After running the analytical gel, dry it down, and expose it to
X-ray film to visualize the end-labeled DNA fragments. The DNA in the first
peak should be digested by both Hpall and Hhal, showing that it is unmethylated.
The DNA in the second peak should be resistant to digestion by both enzymes,
showing that it is completely methylated.

3.3.3. Determination of the NaCl Concentration at Which Only Methylated
DNA Binds to the MBD Column

In some applications, for example CpG island library construction, it is
useful to load DNA onto the MBD column such that unmethylated DNA,
which includes the CpG island DNA, remains in the flow-through. The NaCl
concentration at which this happens can be determined using end-labeled
unmethylated and “partially methylated” plasmid DNAs (see Note 14). These
areloaded on the MBD column, thistime individually, in MBD buffer contain-
ing various test NaCl concentrations to identify the highest at which the
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unmethylated plasmid does not bind to the column but the partially methylated
plasmid does.

1. Load 100 ng of the end-labeled, unmethylated test plasmid onto the MBD column
in 500 pL of MBD buffer/0.5 M NaCl. Wash the column with 9.8 mL of the MBD
buffer/0.5 M NaCl followed by 10 mL of MBD buffer/1 M NaCl. Collect 1 mL
fractionsin 1.5 mL microfuge tubes or 5-mL tubes as convenient.

2. Count all the collected fractions for radioactivity to determine where the DNA
elutes.

3. Reequilibrate the MBD column by washing with 10 mL of MBD buffer/
0.5 M NaCl.

4. Repeat steps 1-3 with the partially methylated plasmid.

5. Repeat steps 14 varying the NaCl concentration of the MBD buffer in which
the DNA is loaded onto the column in increments of 0.05 M to determine the
highest at which at which the unmethylated DNA elutes in the loading buffer
and the partially methylated DNA binds and is eluted by MBD buffer/1 M NaCl.
Between each round of testing reequilibate the MBD column using MBD buffer
containing the appropriate NaCl concentration.

3.4. Preparation of DNAs
3.4.1. Preparation and Digestion of Genomic DNA

1. Isolate genomic DNA from either blood or tissue samples using standard
procedures (38).

2. Digest the DNA to completion with a restriction enzyme whose recognition
sequence is found infrequently within CpG island DNA but frequently elsewhere
in the genome, such as Msel, as directed by the manufacturer.

3. Following digestion, extract the DNA once with phenol, once with phenol/
chloroform, once with chloroform, and ethanol-precipitate using standard
procedures (38). Wash the DNA pellet with 70% ethanol, dry either by air-drying
or by under vacuum and resuspend it in 250 uL of MBD buffer containing
between 0-0.6 M NaCl. The exact NaCl concentration is determined by the
procedure to be carried out and al so depends on the calibration results of the MBD
column to be used. Store at —20°C until required.

4. In most applications, for example the preparation of CpG island libraries, the
genomic DNA is methylated. Use the CpG methylase (New England Biolabs,
226S) as described in Subheading 3.3.1. to do this.

3.4.2. Preparation and Digestion of Cloned DNA

1. Prepare cloned DNASs using standard procedures (38) or using commercially
available kits. As afinal step, purify using CsCl-gradient (38).

2. Digest DNA as described for genomic DNA in Subheading 3.4.1.

3. Carry out methylation of cloned DNAs as described for the test plasmids in
Subheading 3.3.1.
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3.5 Applications of MBD Columns

When using MBD columns, it is either fractions containing fragments that
do not bind tightly, containing unmethylated DNA, or fractions containing
fragments that bind tightly, containing methylated DNA, that are selected.
Whether the former or the latter is determined by the aim of the experiment
and/or stage of the protocol being carried out. Modify the protocolsdescribed in
Subheadings 3.2. and 3.4. as required. Here only the steps necessary required
for each application are outlined.

3.5.1. Preparation of CpG Island Libraries from Genomic DNAs

1. Genomic DNA, digested as described in Subheading 3.4.1., is loaded onto the

MBD column and the fraction that does not bind tightly is selected (the stripped

DNA). Thisis most easily done by loading the DNA in and washing with MBD

buffer which is at the NaCl concentration determined in the calibration step

(Subheading 3.3.3.) at which unmethylated DNA does not bind to the column

but methylated DNA does.

Methylate the stripped DNA at all CpGs (see Subheading 3.4.1.).

3. Load the methylated stripped DNA onto the MBD column and this time select
the fraction that binds tightly and elutes at the NaCl concentration determined
in the calibration protocol (Subheading 3.3.2.) at which the heavily methylated
test plasmid DNA elutes.

4. Isolate DNA from these fractions by precipitating with ethanol using standard
procedures (38). Include 20 pg of glycogen (1 pL of a 20 mg/mL solution
Boehringher Mannheim 901 393) as a carrier. Resuspend the DNA in about
20 pL of TE. Clone this DNA into a suitable cloning vector to make a library
(see Subheading 4.5.).

5. Analyze clones to check that they are derived from CpG islands (see Sub-
heading 4.5.).

N

3.5.2. Isolation of CpG Islands from Large Genomic Clones

1. Digested and methylated cloned DNA, prepared as described in Subheading
3.4.2. isloaded onto the MBD column.

2. The column is then washed to remove fragments that bind weakly. Fragments
that bind tightly are eluted using wash buffer containing the NaCl concentration
determined in the calibration protocol (Subheading 3.3.2.) at which the heavily
methylated test plasmid DNA elutes.

3. Isolate DNA from these fractions by precipitating with ethanol using stan-
dard procedures (38). Include 20 pg of glycogen (1 pL of a 20 mg/mL solu-
tion Boehringher Mannheim 901 393) as a carrier. Resuspend the DNA in
about 20 pL of TE. Clone this DNA using a suitable cloning vector (see
Subheading 4.5.).

4. Analyze clones to check that they are derived from CpG islands (see Sub-
heading 4.5.).
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4. Notes
4.1. Preparation of an MBD Column

1. The plasmid pET6HMBD in the E. coli strain XL1-BLUE can be obtained by
writing to S. H. Cross or Professor A. P. Bird, ICMB, Edinburgh University,
King's Buildings, Mayfield Road, Edinburgh EH9 3JR. For expression of
the recombinant protein HMBD pET6HMBD should be transformed into the
E. coli strain BL21 (DE3) pLysS (F- ompT hsdS;(rg-mg™) gal dem (DE3) pLysS
(Novagen 69388-1). For some expression constructs, it has been found that expres-
sion levels tend to decrease if the same stock is used repeatedly. To avoid this,
always use a freshly streaked plate from a frozen stock kept at -80°C. However, if
expression problems persist, retransform pET6HMBD into BL21 (DE3) pLysS.

. BuffersA, B, C, D, and E should be freshly prepared just before use.

3. In theinitial analysis gel the induced HMBD protein may not be visible in
samples 2, 3, and 4 because of the excess of bacterial proteins. However, after
purification by cation exchange chromatography, the HMBD protein should be
clearly visible and the dominant band present in the fractions eluted at high NaCl
concentrations as most bacterial proteins elute in the flow through.

4. Alternative nickel-agarose resins to the Ni-NTA Superflow suggested here
are available but be aware that some of these have to be charged before use
(also see Note 6). Prepare the nickel-agarose resin to be used according to the
manufacturer’s directions. Failure of the HMBD protein to couple to nickel-
agarose resin is most likely due to use of uncharged resin.

5. If a small amount of HMBD protein is present in the flow-through or wash
fractions collected after the coupling it is likely that the capacity of the resin
has been exceeded. Generally between 25 and 40 mg of HMBD is sufficient to
saturate 1 mL of resin.

N

4.2. Basic Protocol for Running an MBD Column

6. ldedlly, differentially methylated DNAS are separated by running MBD columns
in conjunction with automated chromatography and fractionation systems
such as the FPLC System (Pharmacia 18-1035-00) or Gradifrac System (Phar-
macia 18-1993-01) with the resin packed into an HR5/5 column (Pharmacia
18-0382-01) so that flow rates and elution gradients can easily be controlled.
Generdly a flow rate of 1 mL/min is used. However, if such a system is not
available, MBD columns can be made using a small disposable plastic chroma-
tography column (for example Poly-Prep chromatography column Bio-Rad
731-1550) and run under gravity flow. Inthiscase, | would suggest using Ni-NTA
agarose (Qiagen 30210) rather than Ni-NTA Superflow asit ischeaper, hassimilar
binding capacity, and the superior mechanical stability and flow characteristics of
the Superflow resin are not required for gravity-flow applications.

7. MBD buffers should be freshly prepared just before use.

8. MBD columnsshould be calibrated before use with test plasmid DNAs containing
known numbers of methyl-CpGs (see Subheading 3.3.).
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9.

10.

11

4.3.
12.

13.

14.

In cases where DNAs are loaded onto the MBD column at NaCl concentrations
higher than 0.1 M, use MBD buffer containing the appropriate NaCl concentra-
tion, instead of MBD buffer/0.1 M NaCl, when equilibrating the column.
Thisis only the basic procedure and should be adjusted and modified according
to requirements. Firstly, the NaCl concentration of the MBD buffer in which
DNAs are loaded onto the column can be adjusted. DNA binds to the MBD
column, irrespective of methylation status, if loaded in MBD buffer/0.1 M NaCl.
This is probably because the HMBD protein is very basic (21). However, if
DNAs are loaded in MBD buffer containing about 0.5 M NaCl it has been found
that unmethylated DNA does not bind and remains in the flow-through but
methylated DNA still does bind (27,41). The highest molarity at which this
happens will vary from column to column depending on the amount of coupled
HMBD and should be determined as described in Subheading 3.3.3. Secondly,
choose whether to elute bound DNAS by increasing the NaCl concentration of
the wash buffer in steps, as a linear gradient or by a combination of the two. If
using step-wise elutions, wash the column with 5 columns volumes of buffer at
each step. Generally when eluting bound DNAs with linear gradients, the more
shallow agradient chosen the better the resol ution. When using a1 mL column, a
linear gradient of 0.5-1 M over 30 mL has been found to give good separation of
methylated DNAs (27). If using step-wise elution, increase the concentration
of NaCl by 100 mM NaCl for each step, which also results in good separa-
tion (S. H. Cross, unpublished observations).

MBD columns are stable for at least 6 mo if kept at 4°C and can be reused many
times. Do not allow MBD columnsto dry out.

Calibrating an MBD Column

The NaCl concentration at which a fragment elutes from the MBD column is
determined principally by thetotal number of methylated CpGsit contains, rather
than the number of CpGs per unit length (21). Therefore it can be assumed that
methylated CpG islands will elute at the same NaCl concentration as the heavily
methylated plasmid DNA used to calibrate the column.

If the methylated plasmid isstill susceptibleto digestion by methylation-sensitive
restriction enzymes repeat the methylation reaction. It is often necessary to do at
least two rounds of methylation. Between each round extract and precipitate the
DNA using standard procedures (38).

When calibrating an MBD column plasmids containing a range of different
numbers of methyl-CpGs can be used to refine where DNA fragments containing
different numbers of methyl-CpGs can be expected to elute from the column.
They can also be used for assaying the highest NaCl concentration at which
unmethylated DNA does not bind to the MBD column, but methylated DNA
still does and are used in Subheading 3.3.3. Such test plasmids can be prepared
using methylase enzymes that modify CpGs within certain sequence contexts.
For example Hhal and Hpall methylases (New England Biolabs 217S and 214S)
methylate CpGs within the sequence contexts CCGG and GCGC, respectively.
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15.

16.

17.

4.4.
18.

19.

20.

21.

22,

Cross

In the case of pUC19, use of these enzymes together would yield a plasmid
containing 30 methylated CpGs.

Here only the modifications required for calibration are detailed. Refer to
Subheading 3.2. for the basic procedure that should be followed when running
an MBD column.

If it is not possible to increase the NaCl concentration using a linear gradient
increase the NaCl concentration in steps of 0.1 M NaCl from 0.4 M to 1 M.

To avoid loss of small DNA fragments during drying of the analytical gel, placeit
on DE81 paper (Whatman 3658 915), which isthen placed on two sheets of 3MM
paper (Whatman 3030 917). Cover with clingfilm before drying down.

Preparation of DNAs

Do not use placental or sperm DNA as a source of genomic DNA, because
satellite sequences, which contain many CpGs that are not associated with genes,
are often undermethylated in these tissues (42). Established cell-lines are also
generally not a good choice because those CpG islands associated with genes
having atissue-restricted pattern of expression are often methylated (8).
Generally 100-200 pug of genomic DNA is sufficient for construction of a CpG
island library. When isolating CpG island DNA from a genomic clone, generally
10-20 pg of DNA isrequired.

Msel recognizes the sequence TTAA that is predicted to occur, on average, every
1000 bp within CpG islands and every 150-200 bp elsawhere (21). However,
the dinucleotide TA is found less frequently than expected in the genome, for
reasons that are not understood, so that Msel sites occur less frequently than they
are predicted to. This has the advantage that the chance of an Msel site occurring
within a CpG island is reduced. On the other hand, the size of other genomic
fragments is larger than expected, but this does not matter because of the low
frequency of CpG in the genome. Following Msel digestion up to two-thirds
of CpG islands are left intact, whereas other sequences are found on small
fragments containing on average, 1-5 methylated CpGs (21). Other restric-
tion enzymes with a 4 bp recognition site containing only Ts and As, such as
Tsp509 I, which recognizes the sequence AATT, could be used, although sitesfor
such enzymes may be found more frequently within CpG islands.

Msel isaconvenient enzymeto use because Msel fragments can be cloned into the
Ndel site of the pGEM®-5Zf(+/-) cloning vectors (Promega P2241 and P2351)
(see Note 30 for discussion of cloning of purified CpG island fragments).

To methylate 100200 pg of genomic DNA, perform a 500 pL reaction. To
monitor, remove two aliquots of 10 pL of the reaction mix before and after
the addition of the enzyme. To these add 1 pg of linearized plasmid DNA
such as EcoRI-digested pUC19. After incubation, analyze these as described in
Subheading 3.3.1., step 3 using 3 pL/restriction digest. Successful methylation
of the plasmid DNA, as indicated by resistance to digestion by Hpall and Hhal
shows that the methylation of the genomic DNA has also gone to completion. If
not, do another round of methylation (see Subheading 4.3., Note 2).
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23.

When fractionating CpG idlands from genomic clones (for example cosmids, PACs
and BACs) it isimportant to use CsCl-gradient purified DNAs. Thisis because any
contaminating E. coli DNA present will co-purify with the CpG idand DNA, which
it resembles in sequence composition. This is aso the case for yeast DNA. As
it is extremely difficult to purify recombinant YACs free of contaminating yeast,
DNA purification of CpG islands from such clones using an MBD column is
not recommended. Alternative approaches to isolate CpG idands from YACs are
probably more suitable (43). As an aternative, CpG-idand libraries could be used
in an analogous way to cDNA selection (44,45) for direct sdlection of CpG idands
from cloned DNA.

4.5. Applications of MBD Columns

24.

25.

26.

27.

When preparing CpG island libraries, the stripping step is done to remove
any Msel fragments that contain a cluster of methylated CpGs and that would
contaminate the final library. For efficient removal of such highly methylated
fragments, up to three rounds of column chromatography are necessary. Monitor
at each round for removal of such sequences (see Note 28).

In some cases, it is DNA fragments that are heavily methylated in genomic DNA
that are of interest (35,37). To purify such fragments, load genomic DNA on
the MBD column as described in Subheading 3.5.1., wash to remove lightly
methylated fragments, and then wash at high salt to elute heavily methylated
fragments. Perform at least two rounds of binding so that this fraction is purified
away from unmethylated fragments efficiently. Between each round, dilute
with MBD buffer so that the NaCl concentration is reduced to that at which
unmethylated DNA does not bind to the column and methylated DNA does, as
determined in the calibration protocol Subheading 3.3.3. Monitor at each round
for removal of such sequences (see Note 28).

If preparing a CpG island library with limiting amounts of DNA, for example if
using sorted chromosomes (27), catch-linkers can be attached to the DNA in
the stripped fraction allowing it to be amplified by PCR. Methylation patterns
are erased by doing this but this does not matter as the next step of the protocol
isto methylate all CpGs.

The stripped fraction contains unmethylated CpG island fragments, which
contain many unmethylated CpGs, along with fragments from elsewhere in
the genome that contain only a few CpGs, most of which are methylated. By
methylating all the nonmethylated CpGs in this fraction, the affinity of CpG
island fragments for binding to the MBD column is changed from being weak to
being strong because of the high number of CpGs present. On the other hand, the
affinity of other genomic fragmentsis unaltered asthey contain only afew CpGs,
most of which are methylated already. Therefore, by loading the methylated
stripped DNA onto the MBD column and now selecting fragments that elute
at high salt (as determined in the calibration protocol, Subheading 3.3.3.), a
fraction that is highly enriched for CpG islands is obtained. Generally at least
two rounds of binding are required to yield a preparation of highly purified
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CpG islands. Between each round dilute with MBD buffer so that the NaCl

concentration is reduced to that at which unmethylated DNA does, not bind to

the column and methylated DNA does as determined in the calibration protocol,

Subheading 3.3.3. Monitor as described in Note 28.

28. Assay for the presence or absence of representative Msel fragments at the different
stages of the purification procedure to evaluate if additional rounds of column
binding are required. Msel fragments chosen for this should be derived from:;
1) CpG island DNA, 2) bulk genomic DNA, and 3) GC-rich heavily methylated
DNA. This can be done by performing PCR reactions on aliquots of the various
fractions using primers that amplify sequences from each type of fragment. Such
analysis was used during the construction of ahuman CpG island library (21).

29. Whenisolating CpG islandsfrom genomic clones, the stripping step that removes
GC-rich, methylated DNA cannot be carried out because on cloning the native
methylation pattern is erased. Any such fragments present in the clones will
co-purify with the CpG islands. The genomic methylation status of clones, and
therefore whether or they are genuine CpG islands, can be determined by doing
Southern blot analysis, as described in Note 32. However, bear in mind that in
some cases CpG islands are methylated as discussed in the Introduction.

30. As mentioned in Note 21, Msel fragments can be cloned into the Ndel site of
plasmid vectors such as pGEM®-5Zf(—/+) (Promega P2241 and P2351). Thisis
because Msel and Ndel produce compatible cohesive ends, which are therefore
compatible for ligation. Asthe cloning site is destroyed, the best way to examine
clone insertsis to amplify them by PCR using primers flanking the cloning site.
Dephosphlorylate the linearized vector before use to reduce background, using
standard procedures (38). Use standard techniques for both ligation of the CpG
island fraction into the vector and transformation (38).

31. Thebacterial strain chosen for transformation should be one that does not restrict
methylated DNA, such as SURE (Stratagene 200294).

32. Analysis of potential CpG island clones should be carried out to determine if
they are derived from bone fide CpG islands. The sequence of the clones would
be expected to have a GC-content in excess of 50% and to contain close to the
expected number of CpGs. The clones would also be expected to be derived
from unmethylated genomic sequences. For CpG island libraries prepared from
genomic DNA, analysis of 20 clonesis usually sufficient to give a good idea of
the veracity of a CpG-island library. Suggested tests are:

a. Test clones for the presence of BstUI sites. This restriction enzyme has the
recognition sequence CGCG, which occurs about 1/100 bp in CpG island
DNA and about 1/10 kb in non-CpG island DNA. If a clone contains a BstUI
site thisis a good indication that it is derived from a CpG island. Thisis an
easy and reliable way of quickly judging if clones are from CpG islands.

b. Sequence clonesto determineif they have the sequence characteristics of CpG
islands. Expect a G+C content of greater than 50% and close to the expected
number of CpGs, as predicted from base composition. Mammalian genomic
DNA has a G+C content of about 40% and contains only about 25% of the



Isolation of CpG Islands 127

33.

expected number of CpGs as predicted from base composition. An easy way
to visualize this dataisto plot agraph with base composition on the x axisand
CpG observed/expected values on the y axis, see (21) for an example.

c. Search sequence databases to check that clones are derived from the expected
source species, from known CpG islands and that there is no major contamina-
tion, from bacterial sources for example.

d. Determine whether the clones are derived from unmethylated DNA in the
genome. Use clones that do not contain repeats (see €) to probe Southern
blots of genomic DNA that has been digested with Msel alone and Msel and a
methylation-sensitive restriction enzyme such as BstUI or Hpall, using standard
procedures (38). If the clone is derived from an unmethylated CpG island, the
Msel fragments should be cleaved by the methylation-sensitive enzymes.

e. For use in (d) and for CpG idland libraries test if clones contain repeated
sequences by hybridising colonieswith total genomic DNA. One characteristic
of CpG idland libraries is that a low proportion of the clones (about 10%)
contain highly repeated sequences (21).

f. For CpG island libraries assay the proportion of clonesthat contain ribosomal
sequences (if the starting DNA contained ribosomal sequences). Transcribed
ribosomal DNA has the same sequence characteristics as CpG islands and is
also unmethylated in genomic DNA (35,46). Thereforeit co-purifieswith CpG
island DNA and should be present in the final CpG island fraction.

Especially when isolating CpG islands from genomic clones, it should be
remembered that they are not found at the 5’ end of all genes, notable exceptions
being many genes with atissue-restricted pattern of expression (5,6). Therefore,
in positional cloning projects for example, other methods such as exon trapping
and cDNA selection should be used to identify such genes (44,45,47). However,
the method described here does have the advantage that it depends only on
sequence composition and is unaffected by gene expression patterns.

CpG islands are useful gene markers because there is only one CpG island/gene,

they co-localize with the 5' end of the transcript, include promoter sequences,

and as they are usually single-copy, they can be used to map genes and to isolate
full-length cDNAs.

*The estimate of the number of CpG islands present in the human genome was

recently modified downards to 34,200 (48). Thisfigure is reasonably closeto the

28,890 potential CpG islands that have been identified so far in the draft human

genomic sequence (49). The estimate of the proportion of genes that have a CpG

island remains unchanged.
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Purification of MeCP2-Containing Deacetylase
from Xenopus laevis

Peter L. Jones, Paul A. Wade, and Alan P. Wolffe

1. Introduction

DNA methylation has long been associated with stable transcriptional
silencing and a repressive chromatin structure (review refs. 1,2). Differential
methylation is associated with imprinting, carcinogenesis, silencing of repeti-
tive DNA, and allowsfor differentiating cellsto efficiently shut off unnecessary
genes. In vertebrates, where 60—-90% of genomic CpG dinucleotides are
methylated, methylation-dependent repression is vital for proper embryonic
development (3). Microinjection experiments using methylated DNA templates
implicate chromatin structure as an underlying mechanism of methylation-
dependent silencing (4,5). Methyl-specific transcriptional repression requires
chromatin assembly, and can be partially relieved by the histone deacetylase
inhibitor Trichostatin A. In addition, two proteins have been identified, MeCP1
(6) and MeCP2 (7), that specifically bind to methylated DNA and mediate
transcriptional repression. MeCP1 is arelatively uncharacterized complex that
requires at least 12 symmetrical methyl-CpGs for DNA binding (6). MeCP2 is
a single polypeptide containing a methyl-binding domain capable of binding
a single methyl-CpG, and a transcriptional repression domain (8). Recently
MeCP2 was shown to interact with the Sin3 corepressor and histone deacetylase
(9,10). Changes in the acetylation state of the core histone tails correlates with
changes in transcription (reviewed in refs, 11,12), and several transcriptional
repression complexes containing histone deacetylases have recently been
described (9,13,14). These dataprovide adirect link between methyl-dependent
transcriptional repression and the modification of chromatin structure. Here,
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we describe techniques for purifying the MeCP2-contining histone deacetylase
complex from Xenopus laevis oocytes.

Purification schemes for DNA-binding proteins often utilize the specific
DNA-binding site sequences for the protein of interest in a DNA-binding type
assay. These assays use protein binding to a radiolabeled nucleic acid as
the readout, however, Southwestern analysis allows for the separation of
multiple peptides in a sample that may bind to the same probe. Southwestern
analysisisbased on the ability of many proteinsto be denatured with guanidine
hydrochloride (G-HCI) and renatured such that the protein, or a portion
thereof, refolds such that the DNA binding activity is retained (15,16) (see
Note 1). Protein extracts are separated by size on sodium dodecyl sulfate-
polyacrylamide gel electroporesis (SDS-PAGE), immobilized to a membrane,
denatured with G-HCI followed by renaturation, and then hybridized with a
radiolabeled nucleic acid probe. MeCP2 was originally characterized from rat
by the Southwestern technique (7) and has recently been cloned from X. laevis
(migrating at a molecular weight of 87 kDaon SDS-PAGE) (9). Thus, MeCP2
can be very accurately monitored by southwestern assay as the 87 kDa protein
with binding specific to methylated DNA (Fig. 1A,B).

Due to the association of MeCP2 with a histone deacetylase complex, it is
useful to follow histone deacetylase enzymatic activity. The purification of
histone deacetylase complexesin large part depends on having a sensitive and
reliable assay. We outline an assay that utilizes purified recombinant histone
acetyltransferase and purified chicken erythrocyte histones to specifically
label the desired histone to a high specific activity while retaining the native
histone octamer. This assay allows for the monitoring of the histones deacety-
lase activity of the MeCP2 complex during complex purification from oocyte
extract.

The major advantage in using X. laevis oocyte extracts is many chromatin
components including MeCP2 are present in large quantities in storage forms,
and these chromatin components can be extracted in low salt, preserving the
integrity of the complexes (17). Oocyte extracts prepared by thismethod contain
robust histone deacetylase activity (Fig. 2 and refs. 9 and 13). Using the assays
described to monitor MeCP2 and histone deacetylase activities through the
following chromatography protocols, the MeCP2-histone deacetylase complex
can be purified.

2. Materials

2.1. Southwestern Oligo Preparation

1. Complementary oligonucleotideswere synthesized (Operon Technol ogies) either
with (oligos 3 and 4) or without (oligos 1 and 2) 5-methylcytosine (M) at each
CpG residue for the following sequences (7):
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Fig. 1. Southwestern-blot analysis of (A) recombinant X. laevis MeCP2 and (B)
endogenous X. laevis MeCP2 shows the preference of MeCP2 binding for methylated
DNA. (A) Increasing amounts of recombinant xMeCP2 (75-900 ng) hybridized with
either a methylated (left) or control unmethylated (right) probe. (B) Fractionation
of oocyte extract over BioRex70 resin hybridized with either a methylated (left) or
control unmethylated (right) probe. MeCP2 runs at 87 kDa. The asterik indicates a
degradation product.

Oligo 1 GATCCGACGACGACGACGACGACGACGACGACGACGACGATC

Oligo 2 GATCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGGATC

Oligo 3 GATCMGAMGAMGAMGAMGAMGAMGAMGAMGAMGAMGAM
GATC

Oligo 4 GATMGTMGTMGTMGTMGTMGTMGTMGTMGTMGTMGTMG
GATC
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Fig. 2. Equal volumes of fractions from BioRex70 step-elutions of oocyte extract
were assayed for deacetylase activity as described.

2. Elution buffer: 0.5 M ammonium acetate and 1 mM ethylenediaminetetraacetic
acid (EDTA).
3. Kinase reagents: [32P]y-ATP (3000 Ci/mmol), and T4 polynucleotide kinase.

2.2. Southwestern Assay

. 8% SDS gel with 4 % stacking gel.

. 2X SDS-PAGE loading buffer.

. Nitrocellulose membrane.

. SW Transfer buffer: 25 mM Tris base and 190 mM glycine.

. SW buffer: 20 mM HEPES, pH 7.9, 3 mM MgCl,, 40 mM KCI, and 10 mM
2-mercaptoethanal.

. SW Buffer + 6 M guanidine hydrochloride (G-HCI) (avoid contact with skin).

. Blocking buffer: SW buffer + 2% nonfat dried milk.

8. Binding buffer: SW buffer, 25 pg/mL sonicated native Escherichia coli DNA,

2 pg/mL denatured E. coli DNA, and 0.1 % Triton X-100.
9. SW Washing buffer: SW buffer + 0.01% Triton X-100.

abhwpNnpRE

~N O

2.3. In Vitro Histone Acetylation

1. Purified chicken erythrocyte histones (18).

2. Acetylation buffer: 1X = 25 mM Tris-HCI, pH 8.0, 100 mM NaCl, 0.1 mM
EDTA, 0.2% PMSF, and 10% glycerol.

3. Recombinant Hat1p (see Note 2).
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[BH]Acetyl-coenzyme A (4.90 Ci/mmol) (Amersham Life Science).
Buffer A(200): 10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA, and 200 mM NaCl.
Buffer A(2000): 10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA, and 2 M NaCl.

Histone Deacetylase Assay

Deacetylase buffer 1X = 25 mM Tris-HCI, pH 8.0, 10% glycerol, 50 mM NaCl,
and 1 mM EDTA.

. [3H] histones (see Subheading 2.3.).
. Deacetylase stop solution: 0.1 M HCI and 0.16 M HAc.
. Ethyl acetate.

. Oocyte Extract Preparation

Female Xenopus laevis.

. Dissection scissors and forceps.
. SW-41Ti ultracentrifuge rotor and 12-mL tubes.
. OR-2 buffer: 5 mM HEPES, pH 7.9, 1 mM Nay(PO,), 82.5 mM NaCl, 2.5 mM

KCl, and 1 mM MgCl..

. Extraction buffer: 20 mM HEPES, pH 7.5, 5 mM KCI, 1.5 mM MgCl,, 1 mM

EGTA, 10% glycerol, 10 mM B-glycerophosphate, 0.5 mM DTT, 1 mM PMSF,
2 pg/mL Pepstatin A, and 1 pg/mL leupeptin.

Chromatography

All buffers are at 4°C. DTT and protease inhibitors are added just prior to
use. All buffers must be filtered through a 0.45-pum filter before use with the
fast protein liquid chromatography (FPLC), Pharmacia, Biotech.

grwdPE

BioRex 70 resin 100-200 mesh (BioRad ) equilibrated to Na* form.

Superose 6 HR 10/30 FPLC column (Pharmacia Biotech).

MonoQ sepharose HR 5/5 or HR 10/10 FPLC column (Pharmacia Biotech).
HiTrap Heparin 1 mL column (Pharmacia Biotech).

Buffer A(0): 20 mM HEPES, pH 7.5, 1.5 mM MgCl,, 1 mM EGTA, 10 mM
[3-glycerophosphate, 10% glycerol, 0.5 mM dithiothreitol (DTT), 1 mM PMSF,
2 pg/mL pepstatin A, and 1 pg/mL leupeptin.

Buffer A(100): 100 mM NaCl, 20 mM HEPES, pH 7.5, 1.5 mM MgCl,, 1 mM
EGTA, 10 mM B-glycerophosphate, 10% glycerol, 0.5 mM DTT, 1 mM PMSF,
2 pg/mL pepstatin A, 1 pg/mL leupeptin.

Buffer A(500): 500 mM NaCl, 20 mM HEPES, pH 7.5, 1.5 mM MgCl,, 1 mM
EGTA, 10 mM B-glycerophosphate, 10% glycerol, 0.5 mM DTT, 1 mM PMSF,
2 pg/mL pepstatin A, 1 pg/mL leupeptin.

Buffer A(1000): 1 M NaCl, 20 mM HEPES, pH 7.5, 1.5 mM MgCl,, 1 mM
EGTA, 10 mM B-glycerophosphate, 10% glycerol, 0.5 mM DTT, 1 mM PMSF,
2 pg/mL pepstatin A, 1 pg/mL leupeptin.
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3. Methods
3.1. Probe Preparation

1. Mix equimolar quantities of oligos 1 and 2 (20 uM final) and make to 1X TE +
0.1 M KCl ina500 uL eppendorf tube.

2. Heat the oligos to 100°C for 2 min in athermocyler and bring back to 30°C over
60 min, then immediately cool to 4°C.

3. Radiolabel using 4 pmol of duplex oligo (8 pmol ends) with 16 pmol 32P-y-ATP
and T4 polynucleotide kinase for 60 min at 37°C.

4. Gel purify the kinase reactions on a 5% native polyacrylamide gel run at 200 V
for 2 h.

5. Excised the labeled duplex from the gel with a razor blade and elute overnight
0.5 mL Elution buffer at 37°C with shaking.

6. Ethanol precipitated the probe and resuspended in 1X TE, pH 8.0. This puri-
fication step removes all unincorporated label as well as any single-strand
oligonucleotides.

3.2 Southwestern Blotting

Dependent on the concentration of MeCP2 in the sample, a TCA precipitia-
tion may have to be performed prior to running the SDS-PAGE (see Note 3).

1. Theprotein sampleis made 1X in SDS-PAGE loading buffer and loaded directly
onto an 8% SDS-PAGE gel with a 4% stacking gel and electrophoresed at 100V
in 4°C until the bromphenol blue reaches the bottom of the gel.

2. Theproteinsare transferred to nitrocellulosein 1 L SW Transfer buffer at 4°Cin
aMini Trans-blot Transfer cell (BioRad) for 5 h at 350 mAmps.

3. The membranes are removed brom the cell and are soaked in SW buffer + 6 M
G-HCI for 5 min with shaking at 4°C.

4. The filters are renatured by four twofold dilutions with SW buffer for 5 min

each at 4°C with shaking.

Wash once with straight SW buffer.

. Block the filters for 10 min at room temperature with SW Blocking buffer.

. Rinsed the filters once in SW buffer.

. Hybridization in Binding buffer with 2 x 10° CPM/mL labeled probe for 1 h at

room temperature (see Note 4).

9. Washed thefilters twice with SW Washing buffer for 5 min at room temperature,
air-dry on 3MM paper, and exposed to film overnight with an intensifying
screen.

0~ OO

3.3. In Vitro Histone Acetylation

1. Incubate one milligram core histones with 100 pg rHat1p and 100 L 3H acety!
coenzyme A (Amersham) in 1X Acetylation buffer in a final volume of 8.8 mL
for 30 min at 37°C.
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Chase by adding 100 nmoles cold acetyl coenzyme A and incubating for
30 min at 37°C.

. Equilibrate a 1 mL BioRex70 column with Buffer A(200).

. Load the acetylation reaction and allow it to enter the column by gravity.

. Wash the column iswith 5 mL Buffer A(200).

. Eluted the histones with careful addition of 5 mL Buffer A(2000).

. Collect the eluate in 0.5 mL fractions and assay by liquid scintillation (see

Note 5).

. Deacetylase Assay
. Incubate a small volume of sample (1-10 pL) in a 200 pL reaction (made to 1X

deacetylase buffer) with 1 ug acetylated histones, for 30 min at 30°C.

. Add 50 pL stop solution.

. Extracted the acetate from the reaction with 600 pL ethyl acetate.

. Remove 450 pL of the organic phase to aliquid-scintillation vial.

. Add liquid-scintillation fluid and count the samples in a liquid-scintillation

counter.

. Preparation of Oocyte Extracts (see Note 6)

. Dissect ovaries from mature female X. laevis and rinse in OR-2 buffer.
. Cut ovaries into small pieces and put into 50-mL conical tubes (15 mL ovary

tissue per tube).

. Rinse several timeswith OR-2.

. Add fresh OR-2 isto afinal volume of about 35 mL.

. Add collagenase Type Il (Sigma Chemical) to 0.75 mg/mL.

. Placethe ovaries on aplatform shaker and agitate for 6090 min until the oocytes

are dispersed.

. Wash the oocytes at least ten times in OR-2 with rapid decanting to remove the

immature oocytes and follicle cells.

Transfer the oocytes to SW-41 tubes (6 mL per tube).

Wash twice with extraction buffer, and fill to 12 mL with extraction buffer.
Centrifuged in a SW-41Ti rotor at 38,000 rpm for 1 h at 4°C.

The clear supernatant is carefully removed using a 21-gauge needle.

Extract Fractionation

All procedures are performed at 4°C. Fractions are stored at —70°C.

3.6.1. BioRex 70

1

2.
3.

BioRex 70 column (1 mL packed bed volume per 10 mg extract to be applied)
isequilibrated in Buffer B(100).

Extract is applied and washed with three column volumes (cv) Buffer B(100).
Bound protein is eluted with Buffer B(500).



138 Jones et al.

o MeCP2 Comblax = kD
B — 212
]

—= —158

e =51 K 118
—g7

- . — 6§

= ....': —55

- : —4%

— 38

Jp—— S — g

— i —— clMleCP2
J!_' i

- o e o oBina

Fig. 3. Cofractionation of MeCP2 and Sin3 by gel filtration. Equal volumes of
fractions from the BioRex70 high-salt (0.5 M) step elution separated over a Superose
6 HR 6/30 gel-filtration column were assayed by Western blot for MeCP2 and Sin3
(lower), or stained with Coomassie Blue (upper).

3.6.2. Superose 6 Gel Filtration

1. Equilibrate the Superose 6 HR 10/30 (Pharmacia) FPLC column in Buffer
B(500).

Filter BioRex 70 B(500) fraction through 0.45-pum syringe filter.

Load onto column at 2 mg protein in 500 pL volume.

Run FPLC at 0.1 mL/min and collect 250-uL fractions.

Assay fractions by Western analysis for MeCP2 and Sin3 (Fig. 3).

pwWD

S

3.6.3. MonoQ Sepharose

Dialyze the BioRex 500 mM elution to <100 mM in 200 vol Buffer B(0).
Centrifuge at 12,0009 for 20 min to remove insoluble material.

Equilibrate a MonoQ sepharose (Pharmacia) HR10/10 (> 20 mg protein to be
applied) or HR5/5 (<20 mg protein to be applied) FPLC column in Buffer B(100).
Applied the sample to the column, wash with 5 cv Buffer B(100), and eluted in a
20 cv linear gradient from Buffer B(100) to Buffer B(500).

Collect fractions of 0.5 cv.

6. Analyze fractions for histone deacetylase activity and by Western and/or
Southwestern for MeCP2 and Sin3.
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Fig. 4. MeCP2, Sin3, and histone deacetylase copurify. (A) Flow chart showing
the fractionation of MeCP2 and Sin3 (upper). Fractions were assayed by Western
blot for MeCP2 and Sin3 and for histone deacteylase activity. Assays for the final
heparin fractionation are shown. (B) Coomassie Blue stain of equal amounts of protein
(7 ug) from the peak fractions at each step of purification shows that MeCP2 and Sin3
cofractionate with nine additional proteins.

3.6.4. Heparin

The fraction(s) from the MonoQ fractionation containing MeCP2 are used
for further purification as follows:

1. Dialyze the sample against 200 volumes Buffer B(0) until the concentration
of NaCl is <100 mM.

2. Filter the sample through a 0.45-pum syringe filter.

3. Equilibrate a 1 mL HiTrap Heparin FPLC column (Pharmacia) in Buffer
B(100).

4. Load the sample onto the column, wash with 5 cv Buffer B(100), and eluted in a
20 cv linear gradient from Buffer B(100) to Buffer B(1000).

5. Fractions are collected in 0.4 mL volumes and assayed for deacetylase activity
and by Western/Southwestern blotting for MeCP2 and Sin3 (Fig. 4A).
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Using this purification protocol, a complex containing MeCP2, Sin3, and
histone deacetylase activity, as well as several currently unidentified proteins
(Fig. 4B), can be routinely isolated from Xenopus oocytes.

4. Notes

1

It is important to remember that for MeCP2, the binding preference is for
the symmetrically modified 5-methylcytosine CpG dinucleotide with no other
sequence specificity. Therefore, assays must be done in duplicate with probes
identical in sequences and differing only in their methylation status, a histone
deacetylase assay, and a procedure for the biochemical purification of a MeCP2-
histone deacetylase complex.

For the purification of the MeCP2-containing deacetylase complex, recombinant
yeast Hatlp (generous gift of Dr. M. Parthun, Ohio State University) (19) was
used to specifically acetylate histone H4. Other specificities can be obtained by
using other histone acetyltransferases.

The sensitivity of the Southwestern assay depends on how efficiently the
protein of interest is able to regain its DNA binding ability after denaturation,
immobilization, and renaturation. For MeCP2 from Xenopus oocyte extract, it is
necessary to precipitate alarge protein sample (50 ug) in cold 20% trichloroacetic
acid (TCA) followed by a cold acidic acetone wash. For fractions, less sampleis
needed as the MeCP2 becomes much more concentrated. The sensitivity of the
assay for recombinant MeCP2 is about 25 ng.

The hybridization can easily be done in a plastic bag on arotating platform to alow
for smaller volumes of hybridization fluid and thus less amount of probe needed.
The extent of acetylation can be assayed by Triton acid ureagel (18). Thismethod
achieves a specific activity of 2000-5000 dpm per pmol histone H4.

We generally use 6 female X. laevis to do one oocyte extract preparation yielding
around 400 mg soluble extract. In addition, it isvery important to thoroughly wash
the collagenase-treated oocytes. In addition to the collagenase being a protease
itself, it is by no means a pure preparation and may contain additional protease
activity. If proteolysis persists despite all efforts at protease inhibition, eggs may
be used instead of oocytes following the same extraction and purification scheme
presented, starting with loading the eggs into the centrifuge tubes (Subheading
3.5., step 8). Thereason for using oocytesisthat they are easier than eggsto obtain
in large numbers, however, eggs do not need the collagenase treatment.
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DNA-Methylation Analysis
by the Bisulfite-Assisted
Genomic Sequencing Method

Petra Hajkova, Osman El-Maarri, Sabine Engemann,
Joachim Oswald, Alexander Olek, and Jorn Walter

1. Introduction

The postreplicative methylation of DNA at the C5 position of cytosines is
found in a broad spectrum of organisms ranging from prokaryotes to human
(2). In prokaryotes the major role of cytosine C5 methylation (like adenine N6
and cytosine N4 methylation) isto protect the genome against DNA degrading
nucleases (restriction/modification), whereas in many eukaryotes cytosine
C5 methylation (found within CpG dinucleotides) plays a pivota role in the
control of gene expression, inactivation of repetitive sequences, stability of
chromosomes, and in cell transformation | eading to devel opment of cancer. The
growing evidence that the cytosine methylation is also crucial in embryonic
development of mammals regulating genomic imprinting, X inactivation and
cell differentiation (2) has caused a demand for effective methods that would
detect this modification with high sensitivity and reliability.

Original methods to detect sequence specific genomic methylation were
based on the digestion of DNA by methylation-sensitive restriction enzymes
and subsequent Southern-blot hybridization (3). Despite rather high amounts
of DNA needed for such experiments and the possibility to investigate just
the limited numbers of CpGs situated within suitable restriction sites, the
method is still useful as the first indication of methylation in a specific
region. To improve the sensitivity, the method was combined with polymerase
chain reaction (PCR) amplification (4) and subsequent quantification of PCR
products (5,6). Although the use of PCR decreased the amount of template

From: Methods in Molecular Biology, vol. 200: DNA Methylation Protocols
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DNA necessary for the analysis, the whole procedure is highly demanding in
terms of strictly standardized conditions of DNA preparation and PCR, since
quantification is only possible within the exponential phase of amplification.
Additionally, incomplete digestion of chromosomal DNA might be a frequent
source of artefacts. Another disadvantage of such methods is that they provide
data only about the average level of methylation; it is neither possible to
discriminate between mosaic or even methylation patterns nor to address
hemi-methylation, which remainsin general undetected.

Thefirst information about the methylation of cytosine residues irrespective
of their sequence context was obtained using a genomic sequencing protocol
(7). This method identifies a position of 5-methylcytosine (5-MeC) in the
genomic DNA as a site that is not cleaved by any of the Maxam and Gilbert
sequencing reactions (8) and thus appears as a gap in a sequencing ladder.
Although a detailed distribution of methylation in a given sequence can be
analyzed by this method, it still requires relatively large amounts of genomic
DNA and acertain level of experience in interpreting the sequencing results as
bands of varying intensity and shadow bands may occur. An elegant combina-
tion of the chemical cleavage method with ligation mediated PCR (9) increases
the sensitivity, but this modification makes the whole procedure rather laborious
and technically challenging.

With a bisulphite genomic-sequencing method (10,11), a qualitatively
and quantitatively new approach to methylation analysis has appeared. The
bisulphite reaction leads to the conversion of cytosines into uracil residues,
which are recognized as thymines in subsequent PCR amplification and
sequencing, whereas the modified cytosines do not react and are therefore
detected as cytosines. Thusthe method allows direct and positive determination
of methylation sites in the genomic DNA, as only methylated cytosines are
detected as cytosines. Products of PCR-amplified bisulphite-treated DNA can
be used directly for sequencing (detection of average methylation status) or
cloned and sequenced individually, when the information about the methylation
pattern of single moleculesis desired. Not only the methylation status of each
single molecule but also the pattern of each DNA strand can be investigated,
as the strands are no longer complementary following the bisul phite treatment
and are amplified and sequenced separately.

Several modifications of the original bisul phite sequencing protocol improv-
ing the sensitivity and quality of the results have been published (11-15).
In some cases a direct sequence analysis of the PCR products obtained may
be desirable to estimate the average methylation at specific sites. For such
direct quantitation Gonzalgo and Jones (16), proposed an elegant and simple
procedure (Ms-SNUPE). A more sophisticated protocol for direct quantitation
of sequencing resultsis described by Paul et al. (17).
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Theattributes of high sensitivity, the ability to detect single-molecule methyla-
tion patterns aswell asthe possibility of addressing nonsymmetrical methylation
make bisulphite-based genomic sequencing the method of choice for a variety
of applications. The following protocol used routinely in our laboratory is based
on the previoudly published procedure (14); severa modifications are included
leading to easier handling and less time-consuming experimental procedure.

2. Materials
2.1. Embedding of Material into Agarose and Bisulphite Reaction

Trypsin: 0.25% [w/v] in PBS (Biochrom).

Mineral oil: heavy white mineral oil (Sigma).

LMP agarose (SeaPlague Agarose, FMC).

Proteinase K (Boehringer Mannheim).

Hydroguinone (Sigma).

Phenylmethylsulphonyl! fluoride (PMSF) (Sigma).
Sodium disulphite: (Sodium metabisulphite) (Merck).

Nooak~wNE

Note: Batches of commercially available sodium bisul phite are mixtures of
sodium bisul phite and sodium metabisul phite. The ratio between the substances
may vary among different batches. We recommend working with pure sodium
metabisulphite, which facilitates accurate preparation of solutions with the
desired molarity.

Common laboratory solutions and bufferslike sodium dodecyl sulfate (SDS),
ethylenediaminetetraacetic acid (EDTA), phosphate-buffered saline (PBS),
Tris-HCI, pH8.0, NaOH, TE were prepared according to ref. 17a.

2.2. PCR, Furification, and Cloning of PCR Product

1. Tag polymerase (Boehringer Mannheim).

2. Geneclean |1 (Bio 101), or equivalent method, for purification of PCR fragments
from agarose gels.

3. TA cloning kit (Invitrogene) with INVa F* ultra-competent Escherichia coli cells.

For some bisulphite-PCR fragments we observed a clonal selection against
fully converted templates. | n those cases we were ableto overcome the problem
using a different cloning vector system (pGEM-T, Promega) in combination
with competent Sure E.coli cells.

3. Method
3.1. Chemistry of the Bisulphite Reaction
The reaction of cytosine residues with sodium bisulphite leading to selec-

tive conversion to uracils was first published in early 1970s (18,19) for
conformational studies of single- and double-stranded regions in DNA and
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Fig. 1. Chemistry of thereaction steps: 1) sulphonation at the position C6 of cytosine,
I1) irreversible hydrolytic deamination at the position C4 generating 6-sulphonate-
uracil, and I11) subsequent desulphonation under alkaline conditions. Note that
methylation at the position C5 impedes sulphonation at the C6 position (step 1).

RNA (20-22). The reaction generally consists of three major steps (Fig. 1):
1) sulphonation, 2) deamination, and 3) desul phonation (18).

1. Reversible sulphonation of cytosine residues to cytosine-6-sulphonate. The
sulphonation is favored at low pH and low temperature; at 0°C the equilibrium
state is reached within 20 min.

2. lrreversible hydrolytic deamination of cytosin-6-sulphonate to uracil-6-sul phonate.
This reaction is favored at higher concentrations of sodium bisulphite and at
higher temperatures; the pH optimum is between pH 5.0 and 6.0.

3. Reversible desulphonation of uracil-6-sulphonate to uracil. The elimination
reaction isfavored at high pH.

Only cytosines in single-stranded DNA (or its components) can be effi-
ciently modified by sodium bisulphite; cytosines in nondenatured, double-
stranded DNA are almost refractory to react. Furthermore, under the conditions
described, the reaction is highly selective for nonmethylated cytosine residues,
which are quantitatively modified (converted to uracils), whereas only 2—-3% of
5-methylcytosine residues do react and are converted to thymines (23).

3.2. Principles of the Method

Thefollowing protocol isamodified version of the original bisul phite-based
methylation-analysis technique described by Frommer et al. (10). Asamain
difference we routinely embed the material under investigation (i.e., either
isolated DNA or intact cells) into low melting point (LMP) agarose. All the
following modification steps are performed in the agarose in which the DNA is
physically captured. The described modification greatly facilitates the handling
of the probes and reduces the loss of DNA in the procedure, thus alowing to
work with minute DNA or cell/tissue quantities. The embedding also reduces
the reannealing of denatured DNA strands therefore ensuring highest quality
and reproducibility in the bisulphite reaction. The principles described in this
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paragraph refer to a procedure when working with intact cells (see Subhead-
ings 3.3. and 3.4.). A modified version of this protocol (see Subheading 3.4.)
should be applied when using purified DNA.

When intact cells are used as a starting material they are embedded into
an agarose, lysed, and treated with Proteinase K to make the genomic DNA
accessible for subsequent bisulphite treatment. We recommend including an
endonuclease restriction step (with a methylation-insensitive enzyme) to
obtain smaller DNA fragments (of about 3-6 kb), which enhances the spatial
separation of complementary DNA strands after the following denaturation.
Agarose-embedded (and -digested) DNA isdenatured by alkaline treatment and
boiling. Nonmethylated cytosine residues in single strands are subsequently
modified in the presence of 2.5 M sodium bisulphite (see experimental pro-
cedures concerning preparation of solutions), converted to uracil residues
by following alkaline treatment, washed extensively and stored in minimal
volumes of TE (Fig. 1). The sequence of interest is finally amplified by
(nested) PCR. Due to the bisulphite treatment, DNA strands are no longer
complementary, and therefore are amplified and analyzed separately (Fig. 2).
The PCR products can be used directly for sequencing, which allows the
guantitation of average values of cytosine methylation at individual positions.
Alternatively, the PCR product may be cloned and individual clones sequenced,
the latter revealing information about individual chromosomes.

3.3. Preparation of Cells for Bisulphite Treatment

The following procedure should be used when working with limited amount
of tissue (containing lessthan 1 ng of DNA intotal) or only afew cells, in which
cases the DNA isolation is difficult. When larger quantities of cellular material
are available like biopsies, paraffin-embedded tissues, sperm samples, and so
on; we recommend first isolating DNA and then proceeding with procedures
described in Subheading 3.4.

1. When starting with tissue samples, this material should be trypsinized to obtain
a single-cell suspension. In cases of individually collected cells (e.g., oocytes,
zygotes, etc.) proceed directly to step 2.

2. Wash and recover the cells in 1X PBS solution at a maximum density of
60 cells/uL. (In case of oocytes/zygotes, 30-50 cells should be used per agarose
bead.)

3. Mix 3 pL of cell suspension with 6 pL of hot (80°C) 2% (w/v) LMP agarose
(SeaPlaque Agarose, FMC) (prepared in 1X PBS).

4. Add 500 pL of heavy mineral ail, incubate in boiling water bath for 30 min, and
transfer to ice (additional 30 min) to solidify the agarose/cell mixture.

5. Incubate the agarose bead in 500 pL of thelysis solution (10 mM Tris-HCI, 10 mM
EDTA, 1% SDS, 20 pg/mL proteinase K) under the mineral oil at 37°C overnight.
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Ist strand specific
DNA amplification

5’ tgtua’eg tuuuatutggtauguatuuutg®eg atguata 37
37 acaat gc aaaat«:l_‘ accatacttaaaaac ge tacatat 57

57 tatca gg tcccatctaatacacatcccta ¢g atacata 37
37 auvagt ge'agggtagauuatgugtagggau ge'taugtat 57

Fig. 2. Schematic diagram of the bisulphite conversion of a DNA sequence; note that
the upper and lower strands are no longer complementary after the bisul phite treatment
(a, adenineg; ¢, cytosing; Mc, 5-methyl-cytosing; g, guanine; t, thymine; u, uracil).

6. Remove the lysis solution and the oil and inactivate proteinase K in 500 pL of
TE, pH 7.0, containing 40 pg/mL PMSF 2 x 45 min at room temperature (RT).
(Thisstep isoptional.)

7. Remove the solution and wash with 1 mL of 1X TE, pH 9.0, 2 x 15 min (i.e.

2 washes, 15 min each).

Equilibrate against 100 pL of restriction buffer 2 x 15 min.

Remove the solution and add 100 pL of 1X restriction buffer containing

20 units of restriction endonuclease and incubate overnight. (Alternatively add

50 unitsfor 1 h digestion.)

10. Remove the restriction buffer and incubate with 500 uL of 0.4 M NaOH

2 x 15 min.
11. Wash with 1 mL of 0.1 M NaOH for 5 min.

© ®
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12.
13.

14.
15.

16.

17.

Remove all the solution and overlay with 500 puL of mineral oil.

Boil the beads in a water bath for 20-30 min to separate the individual DNA
strands.

Chill onicefor 25 min to re-solidify the agarose bead.

Prepare the bisulphite/hydroquinone solution according to Subheading 3.4.,
step 6.

Add 500 pL of the (ice-cold) bisulphite/hydroquinone solution. The agarose
bead should be in the (lower) aqueous phase.

Proceed according to Subheading 3.4., step 9.

3.4. Bisulphite Treatment of Isolated DNA

Bisulphite and hydroguinone solutions are light-sensitive, thus should be
protected from light in all steps.

1

N

10.
11.
12.
13.

14.

Digest genomic DNA with a suitable restriction enzyme (which does not cut
within the region to be amplified) in a volume of 21 pL. In order to achieve
a complete bisulphite conversion, we recommend using not more than 700 ng
DNA for the restriction, so that the DNA content of each (later on) formed
agarose-DNA bead does not exceed 100 ng, see step 8.

Boil for 5 minin awater bath.

Chill onice and quickly spin down.

Add 4 pL of 2 M NaOH (final concentration 0.3 M NaOH) and incubate 15 min
at 50°C.

Mix with 2 vol (50 uL) of melted (50-65°C) 2% (w/v) LMP agarose (SeaPlague
Agarose, FMC; prepared in water).

Prepare 2.5 M bisulphite solution, pH 5.0, as follows: dissolve 1.9 g of sodium
bisulphite in amix of 2.5 mL H,O and 750 pL of 2M NaOH (freshly prepared),
dissolve 55 mg of hydroquinone in 500 pL of H,O at 50°C, and mix both
solutions.

Pipet 1 mL of the bisulphite/hydroquinone solution into a 2-mL Eppendorf tube
and overlay with 750 pL of heavy mineral oil (tubes should be kept for 30 min
on ice before proceeding).

Pipet up to seven 10 pL-aliquotes of the DNA-agarose mixture into ice-cold
mineral oil to form beads. (Each bead should contain up to 100 ng of DNA.)
Make sure that all beads have entered the aqueous phase; beads can be pushed
into the bisul phite solution using a pipet tip.

Leave on icefor 30 min.

Incubate at 50°C for 3.5 h.

Remove all solutions; wash with 1 mL of 1X TE, pH 8.0 for 4 x 15 min.

Add 500 pL of 0.2 M NaOH 2 x 15 min.

Remove NaOH solution and wash with 1 ml of 1X TE, pH 8.0, 3 x 10 min.
Store in a small volume of TE, pH 8.0, at 4°C (beads are stable for at least
several weeks).

Prior to amplification wash the beads with H,O for 2 x 15 min.
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3.5. General Recommendations
3.5.1. Primer Design

The guidelines for primer design for the amplification of bisulphite-treated
DNA presented here concern methylation patterns found in mammalian
genomes (i.e., methylation mainly at CpG sites). Different requirements for
primer design have to be considered when analyzing methylation patterns in
organisms with a broader methylation spectrum (as CoNpG or nonsymmetrical
cytosine methylation in plants or fungi, and so on; see Subheading 4.).

1. A bisulphite-treated DNA sequence should be generated using any word proces-
sor to replace all Cs for Ts except at CpG sites (e.g., for DNA methylation
patterns in mammalian genomes). Any primer designing software that will help
to avoid any hairpin structures and possible primer dimers can use this modified
sequence.

2. The length of the oligos should be at least 20 nucleotides and up to 25-30
nucleotides.

3. The primers should be located in an originally cytosine-rich region so that they
selectively amplify converted DNA.

4. Overlapping of the primers with CpG dinucleotides should be strictly avoided
especially at the 3' end of the oligos.

5. Extensive T and A stretches in both primers, which are typical for bisulphite-
treated DNA, should be avoided to minimize the formation of primer dimers.

3.5.2. Optimizing PCR Conditions

1. The PCR conditions for amplifying bisulphite-treated material should be care-
fully optimized. The bisulphite treatment reduces the sequence specificity (by
changing all cytosines to uracils) and thus the selectivity for primer annealing.

2. It is recommended that the length of the product does not exceed 600—700 bp
as longer fragments may be more difficult to amplify from a bisul phite-treated
DNA (due to depurination of DNA as a result of low pH during the bisulphite
treatment).

3. A nested or at least a seminested approach for amplifying the target region is
recommended to increase the sensitivity when working with limited numbers of
cells and to ensure the specificity of the product.

4. Toavoid any contamination with previous PCR products, the bisul phite treatment
and handling of the DNA or cells should be carried in a separate room and
using separate pipets.

5. A gradient PCR cycler is recommended to optimize the annealing temperature.

3.5.3. Cloning and Sequencing

1. Toincreasetheefficiency of cloning, the specific PCR product should be purified
from any unspecific band(s) or primer dimers by agarose-gel elution.
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Table 1
Frequently Encountered Problems

151

Problem

Recommended solution

1. The hydroquinone solution turns red.

2. During incubation of the bisulphite-
hydroquinone solution on ice
crystals appear.

3. The beads disappear after entering
the bisulphite solution.

4. No PCR product is obtained.

5. The PCR product is difficult to clone.

6. Unconverted sequences are
frequently observed.

Protect the solution from light and do not heat
over 50°C to dissolve.

Thiswill not affect the results: proceed
normally.

The minera oil layer is not cold enough; the
tubes containing the mineral oil should be
pre-incubated on ice for alonger period (at
least 20 min) or alternatively they can be kept
at —20°C for 10 min, then the bisulphite
solution added after the formation of the beads.

. Useonly heavy mineral oil.

Increase the concentration of LMP agarose.
Inefficient bisulphite conversion (see
Subheading 3.4.).

. The amount of template is not sufficient.
. The PCR product istoo long for

bisulphite-treated DNA; design primers
that amplify smaller fragments.

. Use nested primers to increase the sensitivity

and the yield of the amplification.

. Try different set of primers.

If aT/A cloning vectors are used: prior to
ligation, incubate the PCR product with
additional amount of Tag polymerase and
dATP (thiswould help to add a flanking
A to the 3’ end of the product).

. Try different cloning vectors and E. coli strains.

Primers are not selective enough for
converted DNA. The primers should be
located in a C-rich region to increase the
specificity of amplification for converted
sequences.

Incomplete bisul phite conversion may be
caused by excess of DNA in reaction; the
maximum recommended amount of DNA
per bead is 100 ng.

DNA was not properly denatured, make sure
that denaturation steps and desulphonation
steps are properly made using fresh NaOH
solution.

. The bisulphite and hydroquinone solutions

should be prepared fresh and stored no
longer than 24 h before use.
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Cloning of the PCR product can be improved by additional incubation of the
purified product in presence of dATP and Taq polymerase for 5 min at 95°C
followed by 60 min at 72°C. Thiswill increase the percentage of DNA molecules
with flanking As at the 3' end.

To verify the presence of the correct insert in plasmids, we routinely use a
colony PCR protocol. Products of the correct size can be directly sequenced
using internal primers.

According to our experience, blue/white screening of colonies is not always
reliable (especially when short fragments are cloned). In such situation, we
recommend analyzing all colonies, as the blue ones may contain an insert.

3.6. Drawbacks of the Bisulphite-Based Methylation Analysis

Although the bisulphite-based methylation analysis is a powerful tool
to obtain detailed genomic-methylation data, it is connected with specific
experimental or technical problems, which are briefly discussed here.

1

2.

In order to perform a bisulphite-based methylation analysis, a detailed sequence
information of the genomic region of interest is required.

The upper and lower strands of the bisulphite-treated DNA samples are analyzed
separately. Therefore it isimpossible (except for asingle-cell approach) to obtain
data about the original double-stranded DNA.

Amplifications (or cloning of PCR products) from the upper and lower strand
may not work equally well in each case.

In case of analyzing methylation patterns of unknown distribution as, e.g., in plants
and fungi, it may be difficult to design primers for the PCR amplification of the
bisulphite-treated DNA. In this case primers can be designed that contain either C
or T at the respective positions. However, the use of such primers with “wobble”
positions greatly reduces the sensitivity of the PCR reaction and may cause a bias
in the amplification towards specific (mostly not fully converted) products.

A systematic analysis (24) nicely demonstrated that the choice of primers might
cause a hias in the PCR reaction, such that either the low or highly methylated
template DNA is predominantly amplified. Another selection against a specific
subset of PCR products may occur during the cloning procedure. The problem
of biased amplification or cloning has to be tested individually and several
control experiments should be carried out. First, different templateswith aknown
content of methylated cytosine residues should be mixed in different ratios and
the bisulphite treatment and amplification steps should be carried out as usual.
The distribution of nonconverted and converted cytosine residuesin the analyzed
products will then allow determination of whether and in which magnitude abias
occurs. Furthermore, independent experiments (including different techniques)
should be used to analyze the methylation state of a given template, e.g.,
conventional Southern-blot hybridization or the Ms-SNUPE assay (16). Both
experiments may be very helpful to obtain an independent impression of the real
ratio of modified and unmodified cytosines within the sequence of interest.
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Measuring DNA Demethylase Activity In Vitro

Moshe Szyf and Sanjoy K. Bhattacharya

1. Introduction
1.1. Alternative Assays for Demethylation

The reaction catalyzing direct demethylation of DNA involves the removal
of a methyl group residue from the 5' position on cytosine; the products of
the reaction are nonmethylated cytosine in the dinucleotide CpG and methanol
(1). The study of the proteins involved in demethylation requires an assay for
measuring enzymatic DNA demethylation. A number of assayswere previously
described for determining the state of methylation of CpG sequences DNA.
For example, certain restriction enzymes such as Hpall or Hhal recognize
subsets of CpG sequences only when the C is not methylated; thus, cleavage
by this enzymes indicates demethylation of their recognition sequences (2).
This assay is, however, obviously indirect and can only measure the state of
methylation of a subset of CG sequences contained in the enzyme-specific
recognition site. An additional problem is that this assay does not differentiate
between DNA that is directly demethylated, and repair processes that remove
methylated cytosines in DNA and replace them with other unmethylated
cytosines found in the extracts. An additional assay is the bisulfite-mapping
method, which can determine the state of methylation of cytosines at a single
nucleotide resolution (3). This assay is based on the fact that nonmethylated
cytosines are modified by bisulfite and converted to thymidine, whereas
methylated cytosines are protected. This assay, similar to the restriction
enzyme-based assays, is indirect; it does not measure demethylation but
rather the conversion of cytosines. This assay can not differentiate as well
between true demethylation and repair. Moreover, this is an extremely labor-
intensive assay that involves polymerase chain reaction (PCR) amplification
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and subcloning and is not feasible as aroutine assay for measuring enzymatic
activity in multiple samples or for assaying alarge number of fractions during
chromatographic fractionation.

We have developed an assay that measures directly the conversion of
5-methylcytosine to cytosine that is based on previously described nearest-
neighbor analysis of CpG methylation (4). To measure directly the conversion
of 5-mdCMP in DNA to dCMP, we synthesize a completely methylated
32p-|abeled [mdC®2pdG]n double-stranded oligomer. Following incubation
with the different fractions, the DNA is purified and subjected to cleavage
with micrococcal nuclease to 3' mononucleotides. The 3' 1abeled mdCMP and
dCMP are separated by thin-layer chromatography (TLC) and the conversion
of mdCMP to dCMP is directly determined. Since only cytosines that were
originally 32P-labeled are detected, this assay will exclude the possibility that
new unmethylated cytosines were introduced by a repair process. This assay
provides therefore a stringent test for bona fide demethylation. Asacontrol, we
synthesize an unmethylated [dC32pdG]n double-stranded oligomer (Fig. 1).

The main advantage of the 32P-labeled [mdC32pdG]n double-stranded
oligomer in enzymatic analysis is that it is a well-defined simple sequence.
However, it does not resemble the normal situation of CpGs in the genome,
which are interspersed among complex and varied sequences. In order to
address this concern, we synthesized a plasmid based substrate that is fully
methylated at its cytosines and bears a 3?P-labeled phosphodiester bond
between all the Cs and Gsin its sequence (5). Since plasmids bearing different
genes are available, they could be used to study true direct demethylation
of different genes in vitro. This chapter describes the protocol that is used
in our laboratory to prepare these substrates and how they are used to study
demethylation in vitro.

2. Materials

[32P-a]- dGTP: 3000 Ci/mmol (New England Nuclear BLUSIHH).

dNTP 100 mM (Roche cat. no. 1 277 049).

dmeICTP (Roche cat. no. 757 047).

Nap5 desalting columns (Pharmacia 17-0853-01).

DNA polymerase Klenow fragment (Roche cat. no. 997 455).

T4 polynucleotide kinase (2,500 units) and 10X Reaction buffer (New England
Biolabs cat. no. 201L).

100 mM ATP (Roche cat. no. 1 140 965).

100 bp DNA ladder (New England Biolabs cat. no. 323-1S).

QIAquick PCR purification kit (Quiagen cat. no. 28104).

Thin-layer chromatography plate Polygram CEL 4000 0.1 mm microcristalline
cellulose 20 x 20 cm Macherey-Nagel, distributed by Alltech (Art.-Nr. 801113).

oA wWNE
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Fig. 1. A scheme of an assay of demethylase activity. A 32P |abeled and methylated
oligo mC32pG substrate (the substrate is double stranded however to simplify the
scheme only one strand is shown) is incubated with a demethylase preparation.
Following demethylation, the DNA is digested with 3' mononucleases micrococcal
nuclease and spleen phosphodiesterase. The positions of cleavages are indicated by
arrows. The resulting 32P labeled methylated dmCMP and nonmethylated dCMP
cytosine mononuclectides are separated by TLC. Lane 1 isamethylated control, lane 2
is an unmethylated control, lane 3 is a partially demethylated sample. The position of
the origin (sample loading position), dMCMP and dCMP are indicated by arrows.

11.

12.
13.
14.
15.
16.
17.
18.
19.

TLC developing chamber for plates up to 20 cm (Fisher cat. no. 05-719-21B
and 05-719-21A).

Microfuge.

Phenal.

Chloroform.

High prime labeling kit (Roche cat. no. 1-585-584).

Yeast tRNA 10 pg/pL (Roche cat. no. 109 495).

Ethanol 95%.

Ethanol 75%.

Sssl methylase (New England Biolabs cat. no. 2265).
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20. Micrococca nuclease (resuspend in water to final concentration of 150 U/uL)
(Pharmacia cat. no. 70196Y).

21. Spleen phosphodiesterase (Sigma P6897).

22. |sobutiric acid.

2.1. Solutions and Buffers

1. 10X Polymerase buffer: 0.5 M NaCl, 66 mM Tris-HCI, pH 7.4, 66 mM MgCl,,
10 mM DTT.

2. 10X Micrococcal nuclease buffer: 250 mM Tris-HCI, 10 mM CaCl,,.

3. Separation solvent for chromatography: isobutyric acid: NH3: H,0 (132:2:40)
solvent.

4. Buffer L: 10 mM Tris-HCI, pH 7.5, 10 mM MgCl,.

5. Buffer L: 50 mM NaCl.

6. TrissEDTA buffer: 10 mM Tris-HCI, pH 7.6, 1 mM EDTA.

3. Methods

3.1. Synthesis of ¥’P-labeled [mdC3?pdG]n
and [dC?pdGJ]n Double-Stranded Oligomers

1. The[mdCpdG],,and [mdCpdG]g oligonucleotides and the [dCpdG],, and [dCpdGl g
unmethylated control oligonuclectides are synthesized by commercia oligonucle-
otide suppliers. To generate a double-stranded oligonucl eotide, we denature 100 g
of oligonucleotide in buffer L (50 mM NaCl) at 100°C for 10 min and allow the
DNA to renature by allowing the solution to cool down slowly for 2 h.

2. A 100-300 bp mdCpdG or dCpdG repeat is generated by ligating either the
[MCpG], or the [dCpdG] 4 0ligonucl eotide and removing the nonligated primers
using a QIAquick PCR purification kit.

3. Ligation requires a 5' phosphate group. Oligonucleotides supplied by most
suppliers do not have a 5' phosphate. The 5' phosphate could be added using
a kinase enzyme and ATP. Incubate either 10 pg of [mdCpdG],, or [dCpdG],g
oligonucleotide in a 50 pL reaction mixture containing 5 pL (50U) T4 poly-
nucleotide kinase, 5 pL of 10X reaction buffer supplied by the manufacturer,
and 0.5 pL of 100 mM ATP for 1 h at 37°C.

4. Ligation is carried out in the same buffer. Add 500 U of T4 DNA ligase and
incubate thereaction at 16°C for 1 h. To verify the success of the ligation reaction
fractionatea 1l pL sample on a1.5% agarose gel alongside a 100 bp DNA ladder.
If the average size of the ligated product is at least 100 bp, proceed to clean up
the DNA from nonligated oligonucleotides using a QIAquick Spin column as
recommended by the manufacturer.

5. To label either the mdCpdG or the control dCpdG polymers with radioactive
32P incubate 1 pg of either the ligated mdCpdG (for the methylated substrate)
or dCpdG polymers (unmethylated substrate), 0.2 pg of either [mdCpdG]g (for
methylated substrtate) or [dCpdG]¢ oligonucleotide (for unmethylated substrate),
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and 9 yL of water for 10 min at 100°C. Place the reaction on ice and add 2 pL
of 10X DNA polymerase buffer, 2 uL (20 units) of DNA polymerase | Klenow
fragment, 1 uL of mdCTP (20 mM) for the methylated substrate or 1 uL of dCTP
(20 mM) for the unmethylated substrate, and 2.5 pL of [32P-a]dGTP and 2.5 pL
of water. Incubate for 1 h at 37°C. The reaction is terminated by adding 500 pL
of TrissEDTA buffer 250 uL of phenol and 250 uL of chloroform. Vortex and
spin at maximum speed in a microfuge. Transfer the aqueous phase into a new
tube, avoiding transfer of any of the organic phase.

. The labeled methylated and nonmethylated substrates are separated from the

nucleotides using a Nap5 column. Load the 500 pL reaction mixture on the
column. Elute the methylated DNA by applying a sequence of six 0.5-mL
aliquots of buffer L and collect each 0.5 mL fraction in a separate microfuge
tube. To determine which fraction contains the methylated DNA, transfer a 1-uL
sample of each of the fractions into a tube containing 2 mL of 10% TCA and
determine the number of counts incorporated into DNA in each fraction. Under
these conditions the DNA elutes at the second and third fractions.

. Combinethefractionsand storethelabeled DNA at —20°C for future demethylase

assays. The concentration of the DNA is 1 ng/uL and its specific activity is
typically 1-2 x 107 dpm/pg.

. Synthesis of 32P Labeled [mdC?2pdG] and [dC3?pdG] Plasmids
. To label 1 pg of a plasmid with 32P at the 5 phosphate of dG, use a standard

random-primed DNA-labeling kit and [32P-a]-dGTP as the radioactive radio-
nucleotide as recommended by the manufacturer. We use the kit provided by
Boehringer. Prepare two labeled plasmid preparation. One preparation will be
used as an unmethylated control.

. Following incubation for 1 h at 37°C add 150 pL of TrissEDTA, 10 ug of yeast

tRNA, 15 pL of 5 M NaCl, 75 pL of phenol, and 75 pL of chloroform. Vortex
and spin at max speed in amicrofuge. Transfer the aqueous phase to a fresh tube
and add 300 pL of ethanol. Incubate the samples in a dry ice/ethanol bath for
15 min. Spin the samplesin a microfuge at maximum speed for 15 min. Discard
the supernatant, taking care not to disrupt the pellet, add 300 pL of 70% ethanal,
and spin at maximum speed for 15 min. Discard the supernatant and dry the tube
using a Kimwipe. Resuspend the pellet in 70 puL water.

. To methylate the plasmid, add 5 pyL of Sssl methylase, 10 uL of the buffer

supplied by the manufacturer (NEB2), 1 L of 3.2 mM AdoMet (supplied by the
manufacturer). Incubate at 37°C for 3 h.

. Itisessential to achieve full methylation of the substrate. In our experience, three

rounds of methylation are required. Perform a phenol-chloroform extraction and
ethanol-precipitation step between rounds of methylation.

. Following the third round of methylation, add 150 pL water, 250 uL phenol, and

250 pL chloroform to the reaction mixture and continue to clean the DNA on a
Nap5 column as described in Subheading 3.1., steps6 and 7.
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[

. To prepare the nonmethylated control, incubate the radioactive plasmid under

the same conditions but in the absence of the methylase enzyme. Follow all the
steps described above.

. Demethylation Assay
. For each reaction, add 20 pL buffer L, 2.5 pL of either [mdC32pdG] oligonucle-

otide or the [mdC32pdG]-plasmid DNA (1 ng/uL), and 20 pL of either buffer L
for the control sample or 20 uL of each of the different test samples into each
tube. As an additional control, incubate 2.5 pL of either nonmethylated dCpG
oligomer or the nonmethylated plasmid with 40 L buffer L. Allow the reaction
to continue for different time points (30 min up to 24 h).

. Terminate the reaction by adding 100 pL TrissEDTA, 10 uL tRNA (10 pg/uL),

10 pL NaCl 5 M, 50 L phenol, and 50 pL chloroform. Vortex, spin at maximum
speed in a microfuge, transfer the aqueous phase, and ethanol-precipitate as
described in Subheading 3.2., step 2.

. Following ethanol precipitation, resuspend each pellet in 8 uL water. Ad 1 pL

10X micrococca nuclease buffer and 1 uL micrococcal nuclease. Incubate for
12 hat 37°C.

. Add 1 pL of Spleen phosphodiesterase and incubate for additional 2 h.
. Load 3 uL of thesamplesonastraight line 2 cm from the bottom of a20cm x 20cm

TLC plates, spacing them at 1.5-cm intervals. Air-dry the spots.

. The chromatography solvent should be equilibrated in the chromatography

tank 24 h before use. The same solvent could be used for 2 mo. Add 132 mL
isobutyric acid and 40 mL water to the chromatography chamber, close the lid
almost completely, and add using a pipettor 2 mL of NH;. Seal the lid tightly
using vacuum grease and allow the solvent to equilibrate over night.

. Placethe TLC platein thetank. Seal thelid tightly and allow the chromatography

to develop for 6 h or till the solvent reaches 0.5 cm from the top of the plate. Dry
the plate and expose to an X-ray film or a phosphorimager plate.

. Once exposed, the positions of methyldCMP and dCMP could be easily distin-

guished with reference to the control lanes as shown in Fig. 1. The relative
ratio of the methylated and nomethylated cytosines is quantified by standard
densitometry.
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Extracting DNA Demethylase Activity
from Mammalian Cells

Moshe Szyf and Sanjoy K. Bhattacharya

1. Introduction
1.1. The Demethylase Reaction: What is Demethylase?

Purification of an enzymatic activity requires asimple and relatively expedi-
tious assay of its activity. However, the nature of the demethylase reaction
has been elusive for decades. Although a large body of evidence supported
the hypothesis that active demethylation takes place during development
and differentiation (1), the nature of the reaction was unknown. The main
problem with understanding demethylaion of DNA is that true demethylation
of DNA would involve cleavage of a stable carbon-carbon bond, which had
been considered highly unlikely. Different laboratories have suggested that
demethylation of DNA is accomplished by different repair mechanisms. These
alternative routes involve either a cleavage of the bond between the methylated
cytosine base and the deoxyribose (2) or nucleotide excision (3) (Fig. 1).
We have recently shown that mammalian cancer-cell lines bear a bona fide
demethylase activity and we defined the reactants and products of the demeth-
ylation reaction. The demethylation reaction involves the hydrolytic cleavage
of the bond between the methyl-carbon and the carbon at the 5 position of the
cytosinering (Figs. 1 and 2) producing unmethylated cytosine while the methyl
group is released as methanol (4).

1.2. Detection of the Products of the Demethylation Reaction

The products of the demethylation reaction are unmethylated cytosines
residing in the dinucleotide sequence CpG and methanol (Fig. 2). A number
of indirect assays are available for determining the state of methylation of
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Fig. 1. Possible demethylation mechanisms. The figures shows a methylated CpG
dinucleotide. DNA could be demethylated either directly or indirectly. Indirect
demethylation might involve either removing the methyl-C base by a glycosylase
or removing the methyl-CpG dinucleotide by a nucleotide excision mechanism. The
possible cleavage points are indicated. The damaged DNA is repaired by the repair
machinery, introducing unmethylated cytosinesinto the damaged region. Alternatively,
the methyl group per se could be removed by cleavage of the carbon-carbon bond
between the carbon at the 5’ position of cytosine and the methyl group. The methyl
group leaves as avolatile residue.

DNA. The most commonly used assay of the state of methylation of DNA
utilizes methylation-sensitive restriction enzymes such as the isoschisomeric
restriction enzymes pair: Hpall and Mspl (5). Hpall cleaves the sequence
CCGG whenitisunmethylated at theinternal cytosineresiding in the dinucleo-
tide CG sequence, whereas Mspl cleaves this site irrespective of its state of
methylation. However, since the amount of demethylase activity assayed during
a routine purification protocol is limited, nanogram quantities of methylated
DNA are used as substrate, thus necessitating the use of Southern blotting,
hybridization, and autoradiography. This might reduce the suitability of
the assay for assaying multiple fractions following protein fractionation by
chromatography. An additional limitation of the assay is that it is indirect
and measures cleavage of DNA rather than methylation. The results might be
masked by activity of nucleases and by other repair processes. The assay does
not distinguish between true demethylation of DNA and repair of methylated
cytosines and their replacement by nonmethylated cytosines.
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Fig. 2. The direct demethylation reaction. As shown in ref. 4, the methyl residuein
methylated cytosine can react with water in a reaction catalyzed by the demethylase
enzyme to form methanol and nonmethylated cytosines.

Another indirect assay of demethylation is bisulfite mapping (6). This assay
takes advantage of the fact that bisulfite treatment of DNA resultsin conversion
of unmethylated cytosines into thymidines, whereas methylated cytosines are
protected from this modification. Following treatment, specific sequences in
the genome are amplified by polymerase chain reaction (PCR) using specific
primers, the PCR fragments are subcloned and subjected to a sequencing
analysis. Only methylated cytosines are detected in the cytosine-reaction lane.
This technique in distinction from the restriction-enzyme analysis allows for
visualization of methylated cytosines at a single-base resolution. However,
while we have utilized in the past this technique to study the sequence specific-
ity of demethylase and its processivity (4,7), it is a labor-intensive procedure
that is not suitable for identifying an active fraction following chromatographic
fractionation, as discussed earlier. This assay, similar to restriction-enzyme
analysis, measures methylation indirectly and does not distinguish between
true demethylation and repair.

An assay that directly measures the conversion of methyl-CpG to CpG
in a DNA substrate has been previously used by us to study demethylase and
demonstrate its presence in mammalian cells (4,8). This assay is discussed in a
separate chapter in this volume. However, the CpG conversion assay is some-
what cumbersome and therefore unsuitable for routine purification procedure.

1.3. Measuring the Leaving Methyl Group by a Volatilization Assay

What distinguishes true demethylation from repair-based replacement of
methylated cytosines is that the product of the reaction is a volatile methyl
residue leaving as methanol (4). Thefact that the leaving group is volatile poses
some obvious difficulties. However, simple scintillation cocktail-based assays
were developed in the past to trap and measure leaving volatile residues such as
methanol (9). DNA is methylated with 3H-methyl moieties. The release of the
radioactive methyl residue is then measured in a gas-tight sealed environment,
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such as a scintillation vial containing a small compartment (a microfuge tube
floating in the scintillation fluid) in which 3H-methyl-DNA is incubated with
the protein fraction and a larger compartment (the scintillation liquid). The
released volatile 3H-methanol diffuses from the smaller compartment into the
joint space and will eventually be dissolved in the larger volume of scintillation
liquid because of the volume ratio of the two liquid compartments. Methanal is
thus transferred from the smaller volume of the reaction mixture to the larger
volume of the scintillation liquid (Fig. 3). The counts detected by a scintillation
counter correlate to the amount of methanol released in the reaction. This assay
provides a clear and very sensitive method to test directly a large number of
different chromatographic fractions for true demethylation activity.

1.4. Tissue Sources for Demethylase

One of the main obstacles hampering the attempts to identify the demethylase
was identifying atissue source that expresses high level s of demethylase activity.
It was believed that demethylase should be expressed in early embryonal cells
where active demethyl ation was known to take place (1). Since the availability of
sufficient amounts of early embryonal tissue is obvioudly limited, it is essentia
to use an dternative source. We have shown that cancer cells express relatively
high levels of demethylase and we routinely use the human nonsmall-cell lung
carcinoma (SCLC) cell lineA549 (ATCC: CCL 185) (4). An excdllent source of
material are A549-derived tumors, which are passaged as xenograftsin nude mice
(4). In our experience these tumors bear high levels of demethylase activity.

1.5. Purification of Recombinant Demethylase Activity

We have recently cloned acDNA from human cellsthat encodes demethylase
activity (10). The same cDNA was cloned independently by Bird's group
and shown to have methylated-DNA binding activity (11) and to be part of
a complex bearing histone deacetylase activity and was named Mdb2b (12).
Bird's group has failed to show that this cONA bears demethylase activity
(12). We were not able to obtain active recombinant protein from bacterial-
expression systems; we do not understand the reason for that. Perhaps proper
folding is required or a specific post-translational modification that does not
occur in bacterial cells is critical for demethylase activity. However we can
purify a protein bearing demethylase activity from human embryonal kidney
cells HEK 293 (ATCC: CRL 1573) that are transiently transfected with a
plasmid expressing the cloned histidine-tagged demethylase cDNA under the
control of aCMV promoter (10). The 6xhistidine tag enables a powerful one
step affinity purification of the recombinant demethylase by immobilized-
metal affinity chromatography (IMAC) (10) using commercially available
nickel-charged resins such as ProBond (Invitrogen).
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Fig. 3. The volatile demethylase assay. A 0.5-mL eppendorf tube containing
3H-methyl-DNA and either demethylase or a control buffer are placed in scintillation
vials containing scintillation cocktail. Upon demethylation, the released volatile
3H-methanol diffuses from the smaller compartment into the joint space and will
eventually be dissolved in the larger volume of scintillation liquid because of the
volume ratio of the two liquid compartments. Methanol is thus transferred from the
smaller volume of the reaction mixture to the larger volume of the scintillation liquid.
The counts detected by a scintillation counter correlate to the amount of methanol
released in the reaction. The agueous phase containing the reaction mixture is later
counted. The counts obtained for both fractions are graphed. In the presence of
demethylase most counts are transferred to the liquid-scintillation cocktail, whereasin
the absence of demethylase all the counts remain in the aqueous phase.

1.6. Specific Cautionary Points Regarding IMAC Purification
of Recombinant Demethylase

Although IMAC purification of histidine-tagged protein is a straightforward
and routine procedure, we have found out that some specific caveats associated
with the idiosyncrasies of this protein can turn it into a frustrating experience.
Histidine-tagged proteins are eluted from the IMAC column by a stepwise
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gradient with increasing concentrations of imidazole (10). However, we found
that imidazole inhibits demethylase activity at the low micromolar range.
Extensive dialysis 34 times against 1000-fold volume of buffer is required to
remove traces of imidazole. If thisis not accomplished, the protein preparation
isinactive. To our surprise, we also found that many routine dialysis procedures
are ineffective since they result in either the adsorption of this highly charged
protein to the dialysis membrane or in the formation of protein aggregates that
are inactive. Traces of heavy metals are found in most regenerated cholesterol
(RC) dialysis membranes. Since histidine-tagged proteins bind tightly to
heavy metals, this might result in irreversible binding of the protein to the
membrane. While several protocols are routinely used in different laboratories
to decontaminate dialysis membrane from trace heavy metals, this procedure
is not consistently effective in our hands. We strongly recommend the use of
Biotech-grade membranes that are prepared from synthetic material and do
not require heavy metals in the extraction procedure. Such membranes are
commercially available from Spectrapor.

An additional caveat that has to be considered when dialyzing histidine-
tagged proteinsisthe possibility that trace amounts of nickel areleached out of
the Probond ImaC matrix. Since the rate of dialysisisrelated to the size of the
molecule, the heavier imidazole will diffuse out of the membrane at a faster
rate than nickel. This might result in a condition where nickel is still present in
the dialysate in the absence of imidazole. The nickel atoms might precipitate
complexes of nickel and multiple histidine-tagged protein monomers.

An additional point isthat the protein and especially the diluted recombinant
demethylase is extremely sensitive to deep-freezing and thawing. The purified
diluted recombinant protein is inactivated by one round of freezing at —70°C
and thawing. High-salt buffers can alleviate this problem (25 M). However
the high salt might be an obstacle for further concentration of the protein and
the enzymatic activity.

The highly charged demethylase protein adsorbs to the membranes found in
some centrifugation-based concentration devices. Wefound that the recovery of
demethylase from the Millipore concentrator is close to nil. The adsorption of
demethylaseto commercially available Millipore membraneisnot prevented by
the passivation protocol with polytryleneglycol (PEG), which is recommended
by the manufacturer. We did not observe these problems with Microcon
concentrators and we have observed enhancement of demethylase activity
following Microcon concentration. We recommend using freeze-drying for
concentration of the protein. The protein remains active using this procedure.

An additional impediment that might be encountered in the purification
protocol is the presence of an unidentified inhibitor of demethylase in cellular
extracts. Whereas correctly packed DEA-Sephadex A-50 (Pharmacia Biotech
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# 0180-01) and Probond columns allow for separation of the demethylase
activity from the contaminating inhibitory activity, the inhibitory activity
tends to co-elute with the demethylase activity. The inhibitor tends to be more
labile than the demethylase activity and therefore the demethylase activity is
restored in the preparation after lengthy incubation at 37°C. Once, the activity
is restored, it remains linear for a couple of days at 37°C. We have not yet
characterized the nature of thisinhibitor.

2. Materials
2.1. Buffers
1. Buffer L: 10 mM Tris-HClI, pH 7.5, 10 mM MgCl..
2. Buffer L containing 0.2 M NaCl.
3. Buffer L containing 5 M NaCl.
4. Buffer A: 10 mM Tris-HClI, pH 8.0, 1.5 M MgCl,, 5 mM KCI, 0.5% Nonident 40.
5. Buffer B: 20 mM Tris-HCI, pH 8.0, 25% glycerol, 1.5 M MgCl,, 0.4 M NaCl.
6. Binding buffer for IMAC: 20 mM sodium phosphate buffer, pH 7.8, 500 mM
NaCl.
7. Wash buffer for IMAC: 20 mM sodium phosphate buffer, pH 6.0, 500 mM
NaCl.
8. 3M Imidazole in Wash buffer, pH 6.8.

9. 10% TCA (trichloroacetic acid) solution.
10. 10 mg/mL Yesast t-RNA (Roche, #009495).
11. 2 mg/mL Sonicated herring sperm DNA (Roche #223646).
12. 10% Na-azide.

2.2. Materials

1. [3H-CH3]-S-Adenosyl-methionine (AdoMet) (5-15 mCi/mol) (New England
Nuclear #155H).

2. Sssl CG methylase (1 U/pL), the reaction buffer NEB2, and AdoMet (32 mM)
New England Biolabs #2265).

3. Nap5 desalting columns (Pharmacia #17-0853-01).

4. DEAE Sephadex A50 weak anion-exchanger matrix (Pharmacia #17-0180-01).

5. Liquid-scintillation cocktail ScintiSafe 30% (Fisher #SX23-5).

6. GF/C filters (Fisher).

7. A vacuum-filtration device.

8. Phenal.

9. Chloroform.

10. Glasswool.

11. 3-mL Syringes.

12. Peristaltic pump.

13. Two-way stopcock (Biorad #732-8102).

14. Tubing for low-pressure chromatography (Biorad).

15. Tissue-culture medium DMEM (Gibco-BRL).
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16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
217.
28.
29.
30.
31.
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Fetal calf serum (FCS) (Gibco-BRL).
Phosphate-buffered saline (PBS).

Cell scraper.

100-mm tissue-culture dishes (Falcon).

5 ml Tissue homogenizer.

Gradient mixer.

Stirring bars.

Magnetic plates.

Scintillation counter.

Vaccum lyophilizer.

Dialysis membranes (SpectraPor CE #722-05716-000).
Closures for CE membranes (SpectraPor #722-05716-000).
Microfuge.

L ow-speed centrifuge.

Mortar and pestle.

ProBond Resin (Invitrogen 46-0019).

3. Methods

3.1. Preparation of [3H]-CHs-plasmid DNA Substrate
for Volatile Assays

1

Incubate 5 pg of plasmid DNA (such asbluescript SK from Stratagene) ina100 pL
total reaction volume containing 5uCi of [3H]-CH5;-AdoMet (5 mCi/mmol),
5 pL Sssl methylase (10 u/pL), and 20 pL of the buffer recommended by the
manufacturer (NEB2) for 3 h at 37°C.

Verify incorporation of the radioactive methyl moiety by TCAprecipitation.
Remove a 1-pL aliquot from the reaction mixture and transfer into a2.5-mL tube
containing 2 mL 10% TCA and 20 pL (2 mg/mL) sonicated herring sperm DNA
(Boehringer). Leave the sample on ice for 15 min. Pass the TCA precipitated
sample through a GF/C filter using a vacuum-filtration apparatus. Wash the filter
twice with 2 mL of cold 10% TCA on the vacuum-filtration device. Dry the filter
under a heating lamp and place it in a5-mL scintillation vial containing 2.5 mL
scintillation cocktail. Count the samples in a liquid-scintillation counter. Using
these labeling conditions, expect areading of 1-2 x 10* dpm/pL.

Since the concentration of labeled AdoMet is below the K, of the Sssl methylase
enzyme, one needs to chase the hot methylation reaction with cold AdoMet to
fully methylate the substrate. Once the incorporation of labeled AdoMet onto
the plasmid is verified, add 1 pL 3.2 mM nonradioactive AdoMet (NEB) and
5 pL Sssl methylase to the reaction mixture and incubate it for an additional
3-h period.

To eliminate the possibility of contamination of the demethylation reaction
with methylase used for preparation of the substrate, the methylated DNA is
purified by phenol-chloroform extraction. Add 100 pL of phenol and 100 pL
of chloroform to the reaction mixture. Following mixing of the phases using
a vortex, the phases are separated by centrifugation at maximum speed in a
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microfuge for 5 min. Transfer the agueous phase to a new microfuge tube and
avoid transfer of any of the organic phase.

5. The DNA s further purified by gel filtration twice to eliminate even minute
amounts of residual AdoMet. Eliminating residual AdoMet is critical for the
volatile demethylation assay. AdoMet is spontaneously degraded at room
temperature to a volatile moiety. Thiswill result in background counts that could
mask the true demethylation products. Add 300 pL of buffer L to the reaction
mixture. Wash a Nap5 column (Pharmacia) with 10 mL of buffer L. Load the
500 uL reaction mixture on the column. Elute the methylated DNA by applying
aseguence of six 0.5-mL aliquots of buffer L and collect each 0.5-mL fractionin
a separate microfuge tube. To determine which fraction contains the methylated
DNA, transfer a 1-uL sample of each of the fractions into a tube containing
2 mL 10% TCA and measure the number of counts incorporated into DNA in
each fraction as described in Subheading 3.1., step 2. Under these conditions,
the [3H-CH,]-DNA elutes at the second and third fractions.

6. The fractions containing the DNA are concentrated. Add 10 puL tRNA, 50 L
5 M NaCl, and 1 mL ethanol to each of the DNA-containing fractions. Incubate
the samplesin adry-ice/ethanol bath for 15 min. Spin the samplesin amicrofuge
at maximum speed for 15 min. Discard the supernatant, taking care not to disrupt
the pellet, and dry the microfuge tube from residual ethanol with care using a
Kimwipe tissue paper. Resuspend each of the two pelletsin 0.25 mL buffer L
and combine the two pellets. Load the combined 0.5 mL DNA solution on a
fresh Nap5 column prepared as described in Subheading 3.1., step 5 and elute
the DNA containing fractions as described in Subheading 3.1., step 4. the
DNA is typically eluted in two 0.5-mL fractions. Combine the fractions and
store the the [3H-CHj]-labeled DNA at —20°C for future demethylase assays.
The concentration of the DNA is 5 ng/uL and its specific activity is typically
1-2 x 108/ug.

3.2. Preparation of the DEAE-Sephadex Slurry
and Packing of the Column

1. Mix4gof DEAE Sephadex A 50 matrix with 50 mL buffer L and allow it to swell
by incubating the slurry at a 65°C water bath for 4 h. Add an additional aliquot
of 50 mL of buffer L to the slurry and leave the slurry at 65°C for an additional
2 h. Repeat this procedure twice. For long-term storage of the slurry, add sodium
azide to afinal concentration of 0.5%. Store the slurry at 4°C.

2. We use a 5-mL syringe as a disposable column for purification of demethylase
activity. Seal the bottom opening of the syringe with glass wool. Press the glass
wool using the syringe plunger and verify that the glass wool forms a thin
uniform layer. Attach a two-way stopcock to the to control liquid flow.

3. Wash the column with 10 mL buffer L (0.2 M NaCl) retaining 2 mL buffer L
(0.2 M NaCl) in the syringe.

4. Add 2 mL of the DEAE slurry by slow pipetting into the buffer L in the column,
and allow the matrix to settle.
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Pierce ahole in the syringe plunger using a hot iron rod/needle and fix a 0.2 mL
micropipet tip into it. Place the plunger in the syringe and fix chromatography
tubing to the top end of the tip and connect it with a peristaltic pump.

Connect the tubing at the other end of the pump with a reservoir of buffer L
(0.2 M NaCl). Turn on the pump and allow the buffer to drip into the syringe,
filling it up to the top and retaining the stopcock in the closed position.

Open the stop cock and press the plunger to about 0.5 cm from the top of the
syringe.

Pass 20 mL of buffer L (0.2 M NaCl) through the column at a flow rate of
1 mL/min to equilibrate the column. Stop the peristaltic pump and close the
stopcock. The column is ready for loading.

3.3. Preparation of Nuclear Extracts from Tumor Samples
and Cell Lines

1

Forty plates of A549 cells are grown to 90% confluency in Dulbecco’s Modified
Eagle's Medium (DMEM) medium containing 10% FCS. To harvest the cells,
remove the medium and apply 5 mL cold PBS. Scrape the cells off the tissue-
culturedish using arubber cell scraper and transfer the cellsto four 50-mL tubes.
Spin the cells at 1.5 x 103 rpm for 10 min in a low-speed centrifuge. Remove
the PBS by aspiration.

To prepare demethylase from A549 tumors that are passaged as xenografts in
nude mice, crush 1 g of atumor in a mortar and pestle in the presence of liquid
nitrogen. Resuspend the tumor paste in buffer A and homogenizeit using a5-mL
glass homogenizer.

Resuspend each cell pellet in 0.5 mL of buffer A and leave the suspension onice
for 15 min. Do not use any protease inhibitors since most of the routinely used
protease inhibitors inhibit demethylase-activity preparation.

Spin the suspension at 2 x 10° rpm in a microfuge for 15 min at 4°C to isolate
the nuclei. Discard the supernatant and resuspend each nuclear pellet in 0.5 mL
of buffer A to remove residual cytosolic proteins. Keep the nuclear suspension
onicefor 10 min and spin the samples in amicrofuge at 2 x 103 rpm for 15 min
and discard the supernatant.

The nuclear proteins are eluted in buffer B, which contains 0.4 M NaCl.
Resuspend each nuclear pelletin 0.2 mL of buffer B and incubate the suspension
at 4°C for 20 min. Mix the sample carefully by stirring with a micropipet tip.
Spin the cells at 15,000 rpm for 30 min in amicrofuge. Transfer the supernatant
containing the nuclear extract to a fresh tube. Spin again at the same speed for
additional 30 min. The nuclear extract isready for loading on the DEAE column.
Determine the concentration of protein in the extract using the BioRad protein
determination kit as described by the manufacturer. We typically obtain 7 mg
of nuclear proteins from 40 plates of A549 cells and 14 mg of nuclear proteins
from 1 g of A549 tumors.

Dilute the nuclear extract to afinal concentration of 0.2 M NaCl by adding 1 mL
of buffer L to 0.8 mL of nuclear extract. Open the stopcock, load the diluted
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nuclear extract on the column, and collect the flow-through. Wash the column
by passing 10 mL of buffer L (0.2 M NaCl) through the column at a rate of
0.2 mL/min and collect 1.5-mL fractions.

. Demethylaseiseluted from the column by aNaCl gradient. Usea10-mL gradient

mixer. Verify that the opening between the two chambersis closed and add 5 mL
of buffer L (5 M NaCl) in the left cell of the gradient mixer and 5 mL of buffer L
(0.2 M NaCl) intheright cell. Place a stirring magnetic bar in theright cell, place
the gradient mixer on a stirring plate and attach it with the tubing, connecting
it with the column through the peristaltic pump. Open the opening between the
chambers and run the gradient through the column at a flow rate of 1 mL/min
and collect twenty 0.5-mL fractions. Perform the chromatography stepsin acold
room and keep the samples at all time at 4°C. Remove 20-uL aiquots of al the
collected fractions for demethylase assay and freeze the samples at —20° C. The
samples remain active for at least 4 wk at —20°C.

. Determination of Demethylase Activity

. Perform the demethylation reaction in 0.5-mL microfuge tubes.
. Add 20 pL buffer L, 2.5 pL [3H-CH,4]-SK DNA (5 ng/uL, 1000 dpm/uL), and

20 pL of either buffer L for the control sample or 20 uL of each of the different
test samplesinto each tube.

. Add 2 mL liquid-scintillation cocktail into 5-mL polypropylene scintilation

vials. Place the 0.5-mL microfuge tubes containing the demethylation reaction
mixture in the scintillation vials and leave their caps open. Place the tubes with
specia care to avoid spilling of reaction mixture into the scintillation cocktail,
which could result in false-positives. Place the caps on the scintillation vials and
seal them tightly. Allow the reaction products to volatilize for 24 h at 37°C.

. Theradioactive methyl group leaves as methanol and diffusesinto the scintillation

cocktail. Count the scintilation vials in a scintillation counter. Control samples
do not register any counts above the background of the counter (0—20 dpm).
In samples that bear demethylase activity, radioactive methanol diffusesinto the
scintillation liquid, resulting in registered counts. Under these conditions 20-50%
of the DNA is demethylated by the active fractions, resulting in volatilization
of 500-1000 dpm (see Fig. 4).

. The active fractions are pooled and concentrated by lyophilization using a

standard lyophilizer. Do not use membrane concentrators since the protein tends
sticks to the membranes. The concentrated preparation could be used for further
biochemical studies.

3.5. Purification of Recombinant Demethylase
from Transiently Transfected HEK Cells

1

We have previoudly published an expression vector encoding a histidine-tagged
human demethylase cDNA. This construct, which is driven by a cytomegalovirus
(CMV) promoter, could be expressed following transient transfection into mam-
malian cells such as the human embryonal kidney cell line HEK 293 (ATCC:
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Fig. 4. Chromtographic fractionation of demethylase activity from A549 cells.
Seven mg of A549 nuclear extract were loaded on a DEAE sephadex A50 column
as described. The different fractions were collected as described. Aliquots of the
diferent fractions were subjected to a demethylase volatilization assay as described in
Subheading 3. and were counted after 32 h.

CCL: 185). The plasmid could be introduced by any of the established transfection
procedures, which will not be discussed here. We use the well-established calcium
phosphate precipitation method (13). For a single demethylase preparation, we
transfect 10 plates, each with 10 pg of the plasmid his-demethylase as previously
described (10).

Forty-eight h after transfection, aspirate the medium and add 5 ml of ice-cold PBS
per plate. Disrupt the attachment of the cells to the plate surface using a 10-mL
pipettor and transfer the cellsinto a50-mL centrifugetube. Spinthecellsat 1,500 rpm
at 4°C for 10 min. Aspirate the PBS and resuspend the cellsin 1 mL of binding
buffer and transfer into an eppendorf tube. Do not add protease inhibitors.

Prepare a dry-ice ethanol bath and place the eppendorf tube containing the HEK
cell suspension in it for 5 min. Transfer the frozen sample into a 37°C bath and
leave it to thaw for 5 min. Repeat the freeze-thaw cycle once. To reduce the
viscosity of the extract shear the DNA contained in the extract by passing the
cell extract four times through a 18.5-gauge needle using a 3-mL syringe. Pellet
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the cell debris by centrifugation at 15,000 rpm for 30 min at 4°C. Transfer the
supernatant into a fresh tube.

4, Histidine-tagged proteins could be purified by IMAC. The histidine tag has
high affinity to heavy metals such as nickel. Different immobilized heavy-metal
matrices are commercially available. We use the Probond matrix from Invitrogen.
We use a1-mL tip as our column. Cut thetip of the pipet tip and seal the opening
by packing glass-wool asdescribed in Subheading 3.2., step 2. Attach atwo-way
stopcock to the tip to control the flow. Wash the glass wool with 2 mL binding
buffer and leave 0.3 mL of buffer in the column. Mix the Probond slurry and
pipet slowly 0.5 mL of durry into the buffer in the column. Allow the buffer
to drip and wash the column with 3 mL of binding buffer at a flow rate of 0.2
mL/min. Close the stopcock when 0.2 mL of buffer areleft in the column. Thisis
important to avoid drying of the matrix. The column is now ready.

5. Load the extract on the column and collect the flow-through. Wash the column
with 3 mL binding buffer and follow the wash with 3 mL washing buffer at a
flow rate of 0.2 mL/min. Collect 1.5-mL fractions. Elution of the nickel-bound
column is performed by a stepwise gradient of imidazole (50 mM-1 M). Apply
sequentially 0.5 mL of 50 mM, 200 mM, 350 mM, 500 mM, 700 mM, and 1 M
imidazole washing buffer solutions on the column and collect each fraction
separately. Leave the fractions on ice.

6. Soak a sufficient length of dialysis tubing (Spectrapor CE membranes 15 mm)
in 400 mL of a1l mM EDTA solution for 30 min at room temperature. Rinse the
membrane three times in double-distilled buffer. Keep the membranes soaked in
water and avoid drying of the membrane.

7. Seal one end of the dialysis tubing with the special clamps provided by the
manufacturer and transfer the different imidazol e fractions to separate tubes. Seal
the dialysis bags with a second clamp and mark each bag clearly by marking the
clamp with a water-resistant marker. Place the three bags in a beaker containing
1L of buffer L, place a magnet in the beaker, and place it on a stirring plate
in the cold room. Leave the samples to dialyze for 6 h and repeat the dialysis
step twice.

8. Following three dialysis steps, transfer the contents of the bags into eppendorf
tubes and store at —20°C. To assay the samples follow the steps described in
Subheading 3.4.
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