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ABSTRACT

Intense interest in the biological roles of DNA
methylation, particularly in eukaryotes, has produced
at least eight different methods for identifying
5-methylcytosine and related modifications in DNA
genomes. However, the utility of each method depends
not only on its simplicity but on its specificity,
resolution, sensitivity and potential artifacts. Since
these parameters affect the interpretation of data, they
should be considered in any application. Therefore, we
have outlined the principles and applications of each
method, quantitatively evaluated their specificity,
resolution and sensitivity, identified potential artifacts
and suggested solutions, and discussed a paradox in

the distribution of m 5C in mammalian genomes that

illustrates how methodological limitations can affect
interpretation of data. Hopefully, the information and
analysis provided here will guide new investigators
entering this exciting field.

INTRODUCTION

DNA are either 5-hydroxymethylcytosine (P@) or glucosylated
hm°C, and up to 50% of the cytosines in plant DNA aREm
(9,20). Modified DNA bases also can represent a minor fraction
of the genome, but still exhibit strong biological effects. For
example, only 3—-10%iL() of cytosines in mammalian genomes
are n¥C, but they generally repress transcription when clustered
at the 5-ends of genes(12). In general, r’C is nearly universal
among eukaryotes with genomes $1p (e.g. mammals and
plants), but rare among eukaryotes with smaller genomes
(e.g. yeast, flies and nematodes}15).

The goal of this review is to provide a guide for identifyirm
and related covalent base modifications in DNA genomes. At least
eight different methods, along with several variations, have been
developed over the past three decades for characterizing covalently
modified bases in DNA genomes. Each method has advantages anc
disadvantages, most of which become evident by examining their
specificity, resolution, sensitivity and potential artifacts. Specificity
is the ability to distinguish a particular covalent base modification
either from another modification or from the unmodified base.
Horizontal resolution is the ability to identify the position of a
modified base along a DNA strand. Some methods, such as total
base composition and nearest neighbor analysis, can determine the
occurrence and abundance of virtually any modified base within an

At least seven different covalent base modifications have beentire genome. Other methods, such as differential base modification
identified at significant levels in the DNA genomes of prokaryotiddy bisulfite, hydrazine or permanganate followed by DNA
and eukaryotic cells, bacteriophage and viruses, resulting in aequencing, can detect only@y but these methods can magOm

intense effort to identify their biological significance-). For

to a precise nucleotide position in virtually any stretch of DNA.

example, 5-methylcytosine f@), the most abundant covalently Thus, the two methods that identify the widest range of specific base
modified base in the genomes of eukaryotic cells, plays a role modifications also have the lowest horizontal resolution, while the
the regulation of gene transcription, X chromosome inactivatiorthiree methods that have the highest horizontal resolution are specific
genomic imprinting, cell differentiation and tumorigenesis.only for nPC. This is not a problem when analyzing the genomes

Unicellular eukaryotes also contairf-Nethyladenine (§R\)
and 5-hydroxymethyluracil (h?t) (5,6). mPA and N-methyl-
guanine (MG) have been reported in insects and humgnbigt

of animals or plants where the exclusive presenc€®ftras been
established by analyses of total base composition. However, for
genomes with other modifications, these methods are of limited use.

their biological significance is not yet evident. In prokaryoticThese methods also are too laborious for screening large amounts of

cells, the most prevalent covalent modifications aPé rand

DNA sequence. Both problems can be addressed to some extent

mP°C, although M-methylcytosine (#C) also has been detected using modification-sensitive restriction endonucleases (MSRES).
(8). All of these maodifications are involved in restriction andMSRES provide a relatively simple method for mapping methylated
modification of DNA, and A is involved specifically in the cytosines and adenines to specific DNA sites, and this strategy has

regulation of DNA replication and in DNA repair.

been adapted to large scale screening procedures that can map th

These and other modified bases can constitute a large part of gemomic locations of modified bases in specific restriction endonu-
genome. For example, all of the cytosines in bacteriophage Thase recognition sequences. However, horizontal resolution is
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reduced, because the number of sites that can be examined is limigadhniques along with external standards of known modified bases
by the number of sequences recognized by MSREs and by #i€-23). The occurrence of 8 and niA has been quantified using
availability of the appropriate enzyme. Another method, immundiigh pressure liquid chromatography (HPLZ2,25). This method
chemical analysis, may also help address these problems, becausmaa sensitivity a€10 pg DNA (24) and a vertical resolution of
principle, antibodies can be developed against most, if not ab,04% @4,25) to 0.005% 26). Mass spectrometry also has been
covalently modified bases. However, horizontal resolution ispplied to quantify the content 0@ in DNA (27), detecting as
reduced even further. little as one rC in 10 kb using 1-10g of DNA. However, total
Three other important parameters in selecting a method are tjenome composition is devoid of sequence information.
minimum amount of DNA required to detect a particular base Limited sequence information in the form of dinucleotide
modification (sensitivity), the ability to identify a base modificationcomposition is easily obtained by nearest-neighbor analysis.
when it is contained in only a fraction of the population (verticahbout 5ug of DNA is labeled with one of the foux32PJdNTP
resolution), and potential artifacts. For example, the hydrazirtgy nick translation at randomly generated single-stranded breaks
and permanganate methods compare the relative strengthsooby DNA replication in a cell lysat®,28). The DNA is digested
cytosine bands in a genomic sequence with those from aompletely to 3dNMPs using micrococcal endonuclease and
unmodified control sequence. While methods such as ligatioealf spleen phosphodiesterase exonuclease in order to tFZRsfer
mediated PCR can improve their sensitivity (less DNA is requirefilom the 3-position of the labeled nucleotide to the8sition of
to see the genomic sequence), their vertical resolution (the abilitg neighbor. The resulting 'F82P]JdNMPs are fractionated by
to measure the relative amount of two signals) remains essentiatlyromatography or HPLC and quantified by comparison to
the same, because the signal to noise ratio remains essentiallyititernal standard<lg). Vertical resolution i$0.01% @9).
same. Some methods are subject to potential artifacts that affecAlternatively, genomic DNA can be labeled extensively at
interpretation of data. For example, failure to completelyn®C-positionsn vivowith [3H-CHg]methionine for detecting the
denature the DNA and improper design of PCR primers in theearest neighbors of 3@. Dinucleotides OH-NpN-OH are
bisulfite method can lead to false identification ofQnand generated from the labeled DNA by limited digestion with DNase |
resistance of DNA to cleavage by a MSRE can result from factoesd 3-dephosphorylation with alkaline phosphatase. Dinucleotides
other than methylated cytosines and adenines. containing3H-labeled rC are isolated by chromatography and
In an effort to help the new investigator select the methods masaper electrophoresis, and the two isomers (38pN-OH and
appropriate for a particular application, we have listed them in tH@H-Np-nPC-OH) are distinguished by treatment with snake
order they are frequently applied to a genome with unknowrenom phosphodiesterase which generates CEH@H and
DNA modifications. The experimental protocols are found in th@N-OH from the first isomer, and OH-N-OH and3rOH from
literature cited. Wherever possible, we have provided quantitatitee second isomer. With this method, 2.5-5% mith a specific
evaluations of the sensitivity and resolution of each methodiinucleotide composition can be detected in 100 ng of DBIA (
based on our own experience and on published information. InThese two methods are specific for all known covalently modified
addition, we have described the principle of each method, itmses, providing that a sample of the modified base is available as
potential artifacts, and its simplicity of application. Togethera standard for comparison. Although vertical resolution is excellent,
these parameters determine a method’s utility and accuratyrizontal resolution is limited to dinucleotide frequencies. The
Finally, we have attempted to illustrate problems that may b@mount of DNA required for these methods limits their application
encountered when applying these methods by examining theetissues or cell cultures that can provi@emillion cells. Since
distribution of n¥C in mammalian genomes. neither method localizes a modified base within a specific DNA
sequence, neither method can distinguish genomic DNA from
contamination by either RNA or foreign DNA from viruses,
mycoplasms and other endoparasites. This potential artifact can
IDENTIFYING COVALENTLY MODIFIED BASES AND lead to false identification of base modifications in small samples
THEIR DINUCLEOTIDE COMPOSITION of genomic DNA.

Identification of the covalently modified bases present in a particular

genome and determining their abundance is prerequisite to mappM@PPING METHYLATED CYTOSINES AND

their locations in specific DNA sequences. The methods availabfENINES AT SPECIFIC DNA SITES

for sequence analyses can identify only a limited number of

modified bases, and with the exception of MSREs, are too lab®here are currently four methods available that can map specific
intensive to screen more than a few kilobases of sequence. To obtainalent base modifications to specific DNA sites: modification-
the total base composition of a genofik) g of DNA has to be  sensitive restriction endonucleases (MSRE) and differential base
hydrolyzed to completion. Originally, this was achieved by chemicahodification by either bisulfite (HS$), hydrazine (NH,4) or
means, but this method produced a complicated array of produpesrmanganate (Mnf) followed by DNA sequence analysis.
that made detection and quantification of specific adducts difficulEach method has its own advantages and limitations such that a
These problems can be avoided by enzymatic hydrolysis using csiifigle method alone is often inadequate to address all problems.
spleen phosphodiesterase and micrococcal nuclease to proddasvever, when used in conjunction with one another, these four
3'-phosphorylated mononucleotides, or pancreatic DNase | andgethods can provide unambiguous identification ?& nmap its
snake venom phosphodiesterase to produgehdsphorylated location with nucleotide resolution in any DNA sequence, and
mononucleotides1@,17). Following hydrolysis, 3 and 5phos- quantify the frequency it appears at a specific DNA site.
phates are removed with alkaline phosphat&gednd the products Therefore, we have summarized their characteristics in Table
are fractionated using standard chromatographic and electrophoraticl outlined their protocols in Figurgs3.



Nucleic Acids Research, 1998, Vol. 26, No. 12257

Table 1.Methods for mapping methylated bases at specific DNA sites in complex DNA genomes

Characteristic MSRE HSO;™ NoH4 MnO4~ (pH 4.1)
Principle cleavage sensitive to m>C resistant to mSC resistant to mSC sensitive to
meA, mcC, nC, hnPC, conversion to U hydrazinolysis oxidation
glucosylated hi¥C
Detection Southern blotting/ PCR and sequencing of total direct genomic direct genomic
hybridization or PCR product or individual clones sequencing (LM-PCR) sequencing (LM-PCR)
Reactivity cleavage site sequence C C+T Qe T]> G
Substrate dsDNA ssDNA dsDNA or ssDNA ssDNA

Requirements complete reaction

Horizontal resolution  limited to cleavage sites
10% (Southern);

0.1% (PCR)

Vertical resolution

Sensitivity 10ug (Southern);
<10 ng (PCR)
Advantages rapid analysis of large

DNA regions;
high sensitivity and

vertical resolution

complete conversion of Cs partial hydrazinolysis

nucleotide sequence nucleotide sequence
single molecule (DNA cloning) 25%

0.1-10% (total PCR proddct)
<10 ng 1-2ug
highest sensitivity and no serious artifacts
vertical resolution;

rapid genomic sequencing;

positive display of5@

partial oxidation
nucleotide sequence
10%

1-2ug

5C reactivity

Positive display of@n

Potential artifacts incomplete cleavage undenatured islands; suppression of C bands none described

cloning artifacts;
incomplete C- U;

incomplete MC resistance

Abbreviations are MRSE (modification-sensitive restriction endonucledsge), (bisulfite), NoH4 (hydrazine), andMnO,~ (permanganate).
30.1% for methylation-specific PCR (60), 1% for COBRA (61) and methylation-specific single nucleotide primer extension (62) GEESCAN (58), and
5-10% for manual sequencing (51) of the total PCR product.

Maodification-sensitive restriction endonucleases (MSRES) McrBC cuts DNA at multiple sites within RCgyLggRC only
when the outer cytosines aré@® nf'C or hn?C (36). Thus, the
MSREs provide the most convenient and rapid method farsefulness okMcrBC decreases as the genomic density 3% m
identifying modified bases at specific restriction endonucleasacreases. Other enzymes either requft& imorder to cut DNA,
sites in virtually any genomic region. This method requires onlgr are inhibited by this modificatio3{). It should be noted that
a map of restriction sites in the region of interest, and can be usealy a few restriction endonucleases have been tested for their
to survey large regions of DNA. While MRSESs provide a broadesensitivity to modified bases that lie outside their recognition
range of specificity than the differential base modificatiorsites, and some of these are inhibitgd).(
methods described below, their limitation to specific restriction Two methods are commonly used to determine the extent of
sites reduces their horizontal resolution. Therefore, the MRSENA digestion. The most direct method is to fractionate the DNA
method is frequently applied first in an effort to ascertain whethatigestion products by gel electrophoresis (preferably agarose,
or not modified bases are likely to be found at biologicallypecause DNA may migrate aberrantly in polyacrylan@idgand
interesting sites such as transcriptionally active genes, replicatitiren identify specific genomic sites by Southern blotting-
origins and recombinational hot-spots. hybridization using standard protocdk8(Fig. 1). In the case of

More than 320 restriction endonucleases are sensitive to baseendonuclease that cannot cut a methylated site, absence of the
modifications that lie within the enzyme’s DNA recognition siteexpected DNA cleavage product indicates methylation at one or
(31). Most of these will not cut DNA if their cleavage site containgoth of the endonuclease cleavage sites that mark the ends of the
a methylated base, and in general, do not discriminate betwe2hlA fragment. The fraction of resistant DNA equals the fraction
m°C, mtC (32), hnPC (33) or glucosylatetimPC (33). However,  of cells that contain this modified site. Vertical resolution depends
there are some exceptiomdval, BsiNI, Rsd, Kpnl and Bsty| on the hybridization background (usually 10—-20% of signal).
(31,34) do not cut DNA if their recognition sequence containsThus, if210% of the DNA population is not modified at two
m*C, but sites containing 38 remain sensitive3(l). Similarly,  consecutive restriction endonuclease sites, the corresponding
CviSlllis inhibited by hrAiC, but not by rPC. Alternatively, some DNA fragment will be detected. #10% of the DNA population
enzymes cut their sites only when they conta@ or hn?C. For  is modified at one or both sites, then a larger DNA fragment will
example, PviRts1l only cuts DNA containing €& (35). appear as a result of cleavage events outside the region of interes
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Genomic DNA the restriction sites contain a covalently modified base. This problem
CH3 generally results from impure DNA and can be corrected by its
V-V W repurification. Careful extraction of genomic DNA in the presence
of proteinase K and SDS followed by phenol extraction and
CHa-Sensitive RE CHS_IHSMM RE extensive dialysis (no ethanol precipitation) usually result in
V complete DNA cleavage39). If not, addition of 1 mM spermidine
often alleviates the probler). Accessibility of DNA to cleavage
can be checked using a modification-insensitive restriction
—_—-- endonuclease, ideally an isoschizomer of the modificatioritisens
>< \ enzyme under identical reaction conditions. However, two
enzymes can be affected differently by impurities in the DNA

J<Z

- sample. For example, an unidentified, dialyzable inhibitor of the
- MSRE Alul can prevent this enzyme from completely cutting
- genomic DNA under conditions where the methylation-insensitive
Gel Electrophoresis PCR amplification restriction enzyme contrdijball, can digest DNA to completion
Southern blotting-hybridization Gel electrophoresis (39). Therefore, one should include in the same reaction mixture

another DNA fragment, best radioactively labeled, with the same
restriction site, but whose size or sequence allows it to be
Figure 1. Methylation-sensitive restriction endonuclease protocol in combination distinguished from the genomic target. In this way, the extent of

with either Southern blotting-hybridization or PCR. Restriction enzyme (RE) : : : :
sites (black downward arrows), one of which is methylated)@Hhybridization cleavage by the dlagnOStIC énzyme can be monitored in the same

probe (shaded square) and PCR primers (horizontal arrows) are indicated. ~ '€action simply by monitor!ng C|eaV?-ge of the control fragment
(39). Unfortunately, even this control is not foolproof. There have

been reports of proteins that bind so tenaciously to DNAt gt

(Fig. 1). A single copy locus can be detected0 pg of could not be removed during DNA purification, and the
mammalian genomic DNATR million cells) using?2P-labeled ubiquitous topoisomerases form covalent intermediates with
oligonucleotide probess). DNA that can be trapped during DNA purification. Therefore, if

The sensitivity of this assay can be incredsEaD0-fold and the modified base is thought to bé@na prudent investigator will
the vertical resolutiofiL00-fold using the DNA polymerase confirm its presence by one of the three methods described below.

chain reaction (PCR) to amplify specific DNA segments before
fractionating them by gel electrophoresis so that the DNAvjfferential base modification by bisulfite
products can be visualized by ethidium bromide stairifig put
this requires sequence information in order to design PCFRhe bisulfite method has four advantages over the other two
primers that flank the restriction site in question and therehyifferential base modification methods (described below) for
amplify the region of interest (Fid). The PCR product is detection and mapping of 3@ in any sequence of a complex
compared to a DNA fragment produced by amplification of agenome (Tablel). First, the bisulfite method is the easiest to
uncut control DNA. However, quantification (i.e. vertical resolution)apply. Second, it is the most sensitive, requiring no more than 10 ng
now depends on obtaining PCR conditions that produce a linesfr genomic DNA [2000 cells). In one case, 10 pg of genomic
response between input DNA and amplified product. Thi®NA ([2 cells) was sufficient50), although the number of
problem could be solved by using competitive PER {here the integrated target copies per cell in this transfection experiment
same PCR primers amplify simultanously both the genomic targatas unknown. Third, both C and®@ residues appear during
and a homologous competitor. Alternatively, ligation-mediated PCBNA sequencing (positive display of data). This makes it easy to
(LM-PCR;42,43) could be used where the same PCR primers arguantify the fraction of RC, which can be detected in as little as
employed to visualize simultaneously the relative extent d8% of the total PCR produdil). In principle, vertical resolution
cleavage at both an MSRE site and a modification-insensitivig limited only by the number of cloned PCR products one is
restriction endonuclease sitg(45). This method requires only willing to sequence. Fourth, the methylation status of a specific
0.6 ng of DNA (100 cells) for detection and 50 ng for agenomic site can be determined both for the total cell population
guantification ¢5). and for individual cells, depending on whether the total PCR
When the DNA digestion products are fractionated by 2D ggbNA product is sequenced directly or individual cloned molecules
electrophoresis, the MSRE method can be used to visualiiem the PCR product are sequenced. This allows detection of
simultaneously and quantitatively the methylation status of a largeibtle variations in cytosine methylation at specific genomic sites
number of genomic loci (‘restriction landmark genomic scanning ahat may occur within a population of cells as they undergo
methylation sites’46). In fact, an entire genome can be screened faifferentiation and developmer3), thus permitting detection
sites where DNA methylation patterns change as cells undergbrare events, and analysis of partial methylation patterns. For
differentiation, carcinogenesis and genomic imprintig48), and  example, if two cytosines at nearby positions are found to be
then these sites can be cloned. A similar end-labeling method asthylated to an overall extent of 50% by sequencing the total

been developed specifically for rare DNA modificatiof) ( PCR product, the following question arises: do botBsrsit on
the same molecule (e.g. when the tweCsiare only on one
Potential artifacts in the MSRE method homologous chromosome of all cells, or on both homologous

chromosomes in only 50% of the cells), or are they distributed on
The principle artifact that can affect the MSRE method is inefficierdifferent molecules (e.g. when the twé@s are distributed on the
DNA cleavage, resulting in the false conclusion that some or all 6fvo homologous chromosomes in all cells, or when o?@ is
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Figure 2. Bisulfite method(A) Protocol.(B) Detection of iCpG dinucleotides in genomic DNA from hamster cells as outlined in (A) and detailedin ref

found on both homologous chromosomes in one half of the celtd C:G base pairs. The PCR product can be isolated by gel
and on the other in the other half of the cells)? This question catectrophoresis and the conversions detected by standard DNA
be approached by the bisulfite technique, after cloning the PCIRquencing protocol${; Fig. 2). Unreacted C (presumed to be
product. This information can be critical in determining whethem®C) is seen as a positive band in the C lane, while reacted C
or not n®C plays a significant role in regulating the activity of aappears as a band in the T lane. These data represent the averag
specific promoter, replication origin, transposable element anethylated state of particular cytosines within the DNA population
imprinting element. (Fig. 2B). Alternatively, the PCR products can be cloned into a
The bisulfite method is considered specific for identification oplasmid vector and individual clones sequené&sii (
m°C. Only cytosines that are present in single-stranded DNA or
in ‘distorted double-stranded DNA' regions can be converted t, o ations and variations in the bisulfite method
uracil by bisulfite; properly paired cytosines are not affeci&il (
Bisulfite sulfonation at C-6 of a susceptible cytosine facilitate® number of technical innovations can improve the speed and
spontaneous hydrolysis of the amino group at C-4 to produersatility of the bisulfite method. Biotinylated primers can be
sulfonated uracil§3). Uracil is recovered by removing unreactedused for PCR amplification so that PCR products can be purified
bisulfite and then desulfonating under alkaline conditio®€ i  using streptavidin coated magnetic beads and DNA sequencing
not converted. The reactivity of glucosylated®@and MC with  can be automate®T). This procedure has been combined with
bisulfite remains to be determined. Probably°@ntannot be the specialized sequencing analysis called GENES®AnN
detected by the bisulfite method, because bisulfite conveP& hmquantify the extent of methylation at each cytosine position within
into a stable product (cytosine 5-methylenesulforiadethat, by — a sequencég). In addition, the methylation status can be rapidly
analogy to the inhibitory effect of pyrimidine adducts withscreened at new restriction endonuclease sites that are created by
permanganate or osmiumtetroxide on DNA polymerase elongati@onversion of cytosines to thymines).
(e.g.55), should inhibit PCR amplification. Methylation-specific PCR can be used to determine rapidly the
In the standard method (F2A), genomic DNA is denatured methylation status of CpG islands with a vertical resolution of
and treated with bisulfite5¢). The region of interest is then 0.1% @0). The high density of CpG dinucleotides in these islands
amplified by PCRto produce specific double-stranded DNA allows PCR primers to be designed that specifically amgthier
fragments. Since the DNA strands are no longer complementamnCpG DNA or CpG DNA by making them complementatier
after bisulfite conversion, each strand must be analyzed separatiglya sequence containing several C residues that are presumed tc
using appropriate PCR primers. PCR amplification results iremain unconverted, or to a sequence in which several cytosines
conversion of U (previously C) to T, and of@to C. The former are presumed to have been converted to ura@ils Primer
PCR amplified product will thus contain T:A base pairs in placspecificity is verified by cutting the PCR amplification product
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Figure 3. Hydrazine and permanganate meth@é3 Protocols(B) Detection of a ’CpG dinucleotide in genomic DNA from hamster cells as outlined in (A) and
detailed in reB9. DNA was treated with hydrazine (lane 2) or permanganate (lane 4) followed by piperidine cleavage of the modified n@iestetbsites were
detected using LM-PCR. The same DNA sequence cloned into a plasmid (unmethylated DNA) was sequenced using hydraziaa(pipgeHBIGR (lanes 1 and 3).

with restriction endonucleases, because the DNA cleavaginucleotides, because the primers will invariably contain CpGs
products will differ for DNA products amplified from methylated of unknown or mixed methylation status.
versus unmethylated DNA. However, since PCR products are not
sequenced, analysis is not at the nucleotide level. . . : I
A similar strategy has been used to rapidly quantify methylatioﬁOtentlal artifacts in the bisulfite method

at specific sites in any DNA sample. ‘Combined bisulfittpere are four potential artifacts that can affect the reliability of the
restriction analysis’ (COBRAG1) uses restriction enzymes to cut g fite method. The following information will help to avoid them.
the PCR product from bisulfite converted DNA. For example,

bisulfite will convert theBsUI cleavage site (CGCG) in Conversion of C to U can be incompleBince conversion of C
unmethylated DNA to TGTG, but not in methylated DNA.to U requires that the DNA substrate be single-stranded,
Therefore, the percentage of PCR amplified molecules that afgomplete denaturation of genomic DNA or its partial renaturation
cut by BsUI reflects the percentage of methylated moleculesduring bisulfite treatment can result in C residues that fail to react
COBRA is fast, sensitive and quantitative, but quantificatiomith bisulfite (1). Unfortunately, the high salt molarity in the
relies on complete enzyme digestion and analysis is confined feaction favors renaturation. In addition, bisulfite treatment must
restriction endonuclease cleavage sites in DNA. be exhaustive in order to ensure complete conversion of C to U
An alternative approach is ‘methylation-sensitive single nucledn single-stranded DNA. Incomplete conversion would appear as
tide primer extension’62). Genomic DNA is treated with a partially methylated site. In practice, complete bisulfite
bisulfite and then amplified by PCR. Methylation at a specificonversion is not feasible—even if the DNA is kept single-
cytosine is analyzed by extension of an internal primer, locategsiranded—because the DNA substrate undergoes degradation
specifically 5-prime to that cytosine, with a single, radioactivevith time (see below). Note that in studies of secondary structure
nucleotide. The ratio of the extension product using dCTBf nucleic acids, usually only a fraction of the C residues in a
(reflecting unconverted ?T) versus the extension product usingsingle-stranded region are converted to U due to incomplete
dTTP (reflecting converted C) measures the ratio of methylatiocsieamination by bisulfite6@). Incomplete conversion is not a
at a specific site. This method does not rely on restriction enzympsoblem when the total PCR product is sequenced, because the
and, in principle, can be applied to any sequence. However, thiscasionally unconverted Cs will not significantly affect deiec
method will be difficult to apply to regions rich in CpG of the average extent of methylation at a specific site. It can
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become a major problem, however, if unconverted DNA i8iased PCR amplificatiorQuantification of methylated alleles
selected for amplification by a poor choice of PCR primerscan be jeopardized by biased PCR amplificafits). Surprisingly,
Primers that anneal to sequences containing several @®r mthe same primer pair can preferentially amplify either the
residues are selecting for regions of unconverted DNA. It can alseethylated or unmethylated sequence, even though the sequence
be a problem when individual clones are sequenced, because@mwhich the primers anneal and the lengths of the PCR products
insignificant event may appear significant if it shows up in are identical. The bias is less serious with the Stoffel fragment
relatively small number of molecules. Some plasmid vectorgolymerase than witfaq polymerase, but the most reliable
appear prone to this artifaé). In fact, in three examples where solution is to establish standard curves for each primer pair by
all C residues were thought to be methylated on both strandseasuring the ratio of products from known mixtures of
regardless of their dinucleotide compositiés,§6), subsequent methylated and unmethylated DNA standards in control reactions.
analyses by four independent methods demonstrated that all of
the non-CpG methylation events in these regions representgffferential base modification by hydrazine
cytosines that had failed to react with bisulfié,61). _ . )

Incomplete conversion can be dealt with in several wag)s ( With genomes of low sequence compIeX|ty_ such as viruses, the
The extent of conversion of C to U can be checked by amplifyinfgydrazine and permanganatethods are easier to apply than the
the target DNA with PCR primers designed to hybridize to &iSulfite method, because they employ simple primer extension
region devoid of C. These primers will not select for eithePr end-labeling to sequence directly the differentially modified
converted or unconverted DNA. Alternatively, one can selectiveliy NA. In contrast, the hydrazine and permangamethods are
amplify DNA that has reacted efficiently with bisulfite by MOre difficult to apply to genomes of high sequence complexity
designing PCR primers to anneal to sequences containing USHch as mammals, because they require sequencing the differentially
place of C, and by choosing sequences that originally contain8#Pdified DNA using LM-PCR(4,75). This generally leads to
several Cs. The presence of non-methylated cytosines intersperQWer sensitivity and higher background with its attendant lower
with methylated cytosines indicates that this region of DNA Wa_gerthal resolutlon (Tabl@). Moreover, it often proves difficult to
accessible to bisulfite during the reaction. The efficiency of thilentify primers that are effective in LM-PCR. However, once
bisulfite reaction can be checked using DNA whose methylatiofM-PCR is established at a sequence of interest, the same primers
status is known (e.g. plasmids or PCR generated fragmentS§n @lso be used in methods designed to explore protein/DNA
Whenever possible, this control should be run in the sard teractions such as vivofootprinting. In addition, hydrazine or
reaction tube, and the copy number of the control DNA should R€manganaterovide independent confirmation of resuits in
comparable to that of test DNA sequences: otherwise its rate G3S€S where artifacts are suspected using the MSRE or bisulfite
renaturation could be artificially high. Finally, other methods thaf€thods described above. _ o
specifically rely upon partial modification of DNA, such as the Hydrazine reacts specifically with C and T in either double-
hydrazine or permanganateethods discussed below can pestranded or single-stranded DNA. Hydrazine also reacts with
independently applied to analyze the same region of DNA if"C (34) but not with riC (76,77). Presumably hydrazine also
order to confirm the presence of@ does not react with ht@ or glucosylated hRT, but it is not clear

To eliminate the problem of incomplete conversion a protocol h48at this has been examined. Hydrazine modified nucleotides are
been developed that ensue85% conversion of C to U with limited  usually cleaved by piperiding), and the cleavage products are
DNA degradation §1) by cleaving genomic DNA intdl kb dgtected by a variety of direct genomic sequencing tech_nlques
fragments in order to reduce the likelihood of renaturation, ari@iscussed below). An unmethylated sequence, obtained either by
treating the DNA in bisulfite with repeated cycles of heating t¢?NA cloning or by PCR amplification of the genomic region of
95°C in a thermocycler for only 5 h. Several changes of thiterest, is analyzed in parallel in order to locate the positions of all
original protocol have been reportéif) to reduce the chances CYtosines. rPC is identified by the absence of a cytosine from the
of renaturation. For example, ethanol precipitation has bedignomic DNA sequence (Fi§). Sequencing the complemgg;ary
omitted after initial denaturation with NaOH467). The DNA DNA strand insures that absence of a band results freg m
sample also has been dilute&, embedded in agaroséd rather than from some unidentified artifact. Hydrazine reaction
incubated at €C instead at elevated temperat@® @uring the ~ With T is normally suppressed by addition of 1.5 M NaCl to

bisulfite conversion, and the bisulfite concentration has bed@cilitate identification of C(6). However, in regions where all
increasedq9). of the cytosines appear to be methylated, T reactivity at low salt

concentrations provides a useful internal standard for monitoring
From 2 to 3% of r’Cs can be converted tq36,70). This results  the efficiency of the hydrazine reactid).
in an underestimate of the number 88 when individual DNA
clones are analyzed, but assuming that this loss occurs randonfferential base modification by permanganate

it should not be significant when the total PCR product is ) . .
sequenced directly. The same direct DNA sequencing methods used to display

hydrazine/piperidine cleavage sites are alsed to display
Loss of DNA due to fragmentatiomcubation of DNA at a permanganate/piperidine cleavage sites (Biy). However,
slightly acidic pH can generate apurinic sitéd)( Since the while hydrazine produces a negative data display [bands disappear
bisulfite treatment must be performed for a long time at pH 3tom the sequencing gel at the positions 8€n(Fig.3A and B,
apurinic sites will be introduced into the DNA substrate. Thesane 2)], permanganate produces a positive data display [bands
apurinic sites will then be broken in a classical Maxam andppear in the sequencing gel at the positions°6f fig.3A and
Gilbert reaction during desulfonation of deaminated cytosines Bt lane 4)]. Therefore, the permanganate method provides the
the required basic pH {). Protocols have been developed thafperfect complement to the hydrazine method for detection of
minimize this problem51,67,68,72). m°C. At pH 4.1, permanganateacts strongly with AC and T in
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single-stranded DNA/@), but not with C 79,39) (Fig.3B, lane 4).  proteins, genes3g), replication origins, centromeres and telomeres
Permanganateccasionally reacts with purines (G>>A) as ausing a second antibody or fluoresceincsitu hybridization.

result of either direct oxidation or acidic depurination of DNA

creating piperidine-labile siteg{). Permanganate, like bisulfite, Differential base modification by UV radiation

reacts only with single-stranded DNA. However, this is not - . - .
problem, because oxidation of T by permanganate can serve as-hh radiation causes formation of pyrimidine (6-4) pyrimidone

internal control to insure that the sequences displayed wepgOto adducts between two adjacent pyrimidine bases (pyrimidine
single-stranded. dimers) that are sensitive to cleavage with piperidine. In

LM-PCR analysis of genomic DNA cleaved by permanganatdfammalian genomes, these cleavage sites have been mappe
piperidine resulted in nearly equivalent signals fropenT and  USing LM-PCR to sequence the DNAY. TpC and CpC
G (Fig. 3B). This unexpected G reactivity relative to andinucleotides produce a high frequency of pyrimidine dimers, but
end-labeled DNA fragment that was not subjected to LM-PCRPMPC and_CprfC dinucleotides do not8). Therefore,

(39) may have resulted from enhanced depurination caused by if{Berever a CpG is preceded by a T or C, a pyrimidine dimer

initial heating at 95C that was necessary in LM-PCR. NeverthelesdS N0t formed, leading to the absence of a band in the sequencing
g Y that indicates the presence off0G or Cn¥CG, respectively.

te di t t with i in thi i
g%rrpeir;?mg]eaﬂ@rr;?]dreﬁ?:cn\;\giduinsy(%;gf Hes in fhis region., us, this method detects only a subset of tR€ sites in the

i ; ; : i ; . Sensitivity and vertical resolution have not been
Direct genomic sequencing employs either linear or exponentidfNome. _ _ _
amplification to visualize both hydrazine and permanganafg<Plored in detail, but since LM-PCR is used, they probably are
e same as with the hydrazine method (TdbleAlthough

reacted bases. In general, linear amplification requires lar . A o
amounts of DNA [(]2%0 Lg: 80182). LM-SCI:IR V\IlhiCh eqrﬁlploys ifferential base modification by UV radiation has been used

exponential amplification4@,43) allows detection of AC in rarely so far and requires the more sophisticated LM-PCR
1-2pg of genomic DNA (B x 1(P cells). When both C andi@ technology, it ghould be quite useful in determining the eff_ects of
are present at the same site but on different DNA molecules, RNA methylation on UV induced DNA damage and repair.

least 25% of that site must bé@to be detected by the hydrazine

method. However, as a result of a positive data display, only 1099W METHODOLOGICAL LIMITATIONS CAN AFFECT

must be rAC for detection by the permanganatethod 89).  INTERPRETATION OF DATA

Both permanganatand hydrazine modifications of genomic gjnce each method has its own limitations and potential artifacts,

DNA could be detected by genomic sequencing techniques thal, Its f diff t methods h tal ledtoth
do not require piperidine cleavage of DN#581-83), because FESULS Irom dImersnt MeToas nave notaways '€ fo (e same

hevinhibit el . f DNA pol conclusion. This problem is illustrated by analysis of th€m
theyinhibit elongation o POlymerases. . _distribution in mammalian genomes. The only known mammalian
No serious artifacts have been reported for the hydrazine a

hods. althouah mi bl lead A methyltransferase is specific for maintainingGpG
permanganatenethods, although minor problems can lead tQyincleotidesq0). Consistent with the properties of this enzyme,
ambiguity. These include background cleavage events, clos

}ﬁly two nPC residues have ever been reported in non-CpG

spaced bands on the sequencing gel, and DNA concentratiofiy, cieotides in genomic DNA using either the hydrazine or

dependent suppression of C-bands that have been reported for bﬁnanganate methodxl). This amount is negligible compared
hydrazine methods). However, they can be eliminated by 1, the thousands of nucleotides of genomic DNA on which the

including sequencing controls to verify the positions of all, qra7ine method has been applied and so far has detected only

cytosines. m3CpG dinucleotides8¢). However, some nearest neighbor
analyses of genomic DNA suggest that up to 54.5% ofgllare
METHODS WITH SPECIAL APPLICATIONS found at non-CpG site4§,92,93). This conclusion is supported
by some genomic sequence analyses where the bisulfite or MSRE
Immunochemical analysis method have detectecP@in both CpG and non-CpG dinucleo-

tides 60,65,66,94,95). Moreover, mammalian cells have the
Antibodies specific for methylated bases could be used as ability to maintain ACpNpGs sites integrated into the genome by
independent method for confirming that resistance to cleavage tignsfection 0).
an MSRE is due to DNA methylation and not to artifactual How might this paradox be resolved? First, non-CpG methylation
resistance. For example, antibodies raised agai@have been activity has been detected in some mammalian extrz@&),
shown to identify that portion of the DNA that was resistant tdut not in others 96-98), suggesting that the specificity of
Hpall, a MSRE that only cuts unmethylated CCGG si&s.( mammalian DNA methyltransferase may be altered by cofactors
These antibodies can detectGnwith a vertical resolution of or limited proteolysisg9). In addition, some analyses may have
<0.008 mol% §5). They can react specifically with>@ in  overestimated the amounts of non-CpG methylation events. For
mammalian DNA bound to nitrocellulose papes,86), detecting example, reports of ‘densely methylated islands’ (DMIs) in
1 mol% n?C in the human genomg%), consistent with estimates which all cytosines withinC1L00 to (500 bp regions were
from total genome and nearest neighbor analyses. Similerethylated, regardless of their dinucleotide composi@igi® (),
experiments could be carried out with antibodies agaif&tand  were later shown by stringent application of the bisulfite, MSRE,
m’G that have been reported to react with DNA from humarhydrazine and permanganate methods to be incofegtl).
Drosophilaand mealybugs’§. Immunofluorescence also has beenThus, other reports in which the bisulfite method produced
used to determine chromosomal regions with a high frequency similar results 100,101) should be considered with caution.
mPC (87). Therefore, it might be possible to use antibodies to map Another explanation is that the bulk of non-CpG methylation
the locations of clusters of 3@pG (cluster} in cellular chromo-  detected by total genome analysis is clustered at genomic sites that
somes relative to the locations of specific chromatin associatedve not yet been examined by sequence analyses. Alternatively,



cell populations might be heterogeneous in their non-Cp@&
methylation. If methylation at a unique non-CpG dinucleotide did
not occur in more than 25% of the cells, it would not be detect
by the hydrazine method, but would be detected by the bisulfitg
method because of the difference in their vertical resolutions
(Table 1). In contrast, nearest-neighbor analysis collects a9
non-CpG dinucleotides of the same type into a single pool. Thu
nearest-neighbor analysis could observe significant non-Cp
methylation events under conditions where methods with low;
vertical resolution (e.g. hydrazine) could not.

In conclusion, current methodology can map the distribution 62
mP°C in any genome at nucleotide resolution, although a prudegg
investigator will apply more than one method to the samg,
problem. New methods for mapping other covalent base
modifications in higher eukaryotes will be necessary only whese
such modifications are discovered in eukaryotes. In prokaryotes
where base modifications other tha®Gnare important, the 26
MSRE method can map most, if not all of them, because they g
appear to be involved in restriction and modification.
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