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The topographical distribution of 5-methylcytosine on animal and plant cell
DNA has been examined with methyl-sensitive restriction enzymes and gel
electrophoresis analysis. These DNAs digested with the enzyme HpaII have a

partially bimodal size distribution, indicating the existence of clusters of methylat-
ed and unmethylated CCGG sites in the DNA. By analyzing the methylation state
of all CG moieties in restricted DNA fractions, it was possible to show that these
genomes are, in general, arranged as clusters of relatively highly methylated and
undermethylated regions. Plant DNA also contains 5-methylcytosine in the
prototype sequence C-X-G. Restriction of this DNA with EcoRII revealed that
these methyl groups are also distributed in clusters, suggesting that this is a
general phenomenon. The undermethylated areas may correspond to the active
fraction of the genome.

Although 5-methylcytosine is found in almost
all eucaryotic organisms, its distribution on
DNA is not well understood. In animal cells,
over 95% of the DNA methyl moieties are found
in the dinucleotide sequence cytosine-guanine
(C-G) (3). In higher plants, however, additional
methyl groups are located in the trinucleotide
sequence C-X-G, where X can be C, A, or T (6).
In both instances, the DNA appears to be
symmetrically methylated at each modified site,
allowing the pattern of methylation to be inherit-
ed by succeeding cell generations in a semicon-
servative manner (14).

Several restriction enzymes have been found
useful for the study of DNA methylation. The
enzyme HpaII recognizes the C-G-containing
sequence CCGG but cleaves the DNA only if the
internal cytosine is unmethylated (18). When sea
urchin DNA is digested by this enzyme, the
resulting fragments, when analyzed by gel elec-
trophoresis, are distributed in two clearly distin-
guishable fractions (2). These results suggest
that the methyl moieties in this organism are
nonrandomly placed on the DNA and appear to
be arranged in long clusters of fully methylated
or fully unmethylated regions. Analysis of these
subpopulations with specific gene probes indi-
cates that some expressed gene sequences are in
the unmethylated compartment (1, 2). Other
organisms show a similar pattern of methylation
on their DNA (1, 19).

In this paper, we analyze the distribution of 5-
methylcytosine in animal and higher plant cells.
Although these DNAs are more highly methylat-
ed than DNAs from invertebrate organisms, a

similar pattern of methyl clustering can be ob-
served. The regions which contain stretches of
unmethylated C-G residues most probably rep-
resent the active fraction of the genome.

MATERIALS AND METHODS
Determination of average molecular size. Wheat germ

or mouse liver DNA was purified (14) and digested
with various restriction enzymes at a ratio of 2 enzyme
units per ,ug for 2 h in specific buffers recommended by
the enzyme manufacturers (New England Biolabs and
Bethesda Research Laboratories). The restricted
DNA (5 to 10 Fxg) was subjected to electrophoresis on
0.6% agarose slab gels. Each gel was run with molecu-
lar-length marker bands obtained by restriction en-
zyme digestion of various plasmid and phage mole-
cules. After 20 h of electrophoresis at 20 V at room
temperature, the ethidium bromide-stained gels were
photographed with positive-negative Polaroid type 665
film, and the film negative was assayed with a scan-
ning spectrophotometer. In some cases, tritium-la-
beled DNA (6,000 cpm/4Lg) obtained from [3H]thymi-
dine-labeled mouse L-cells (16) was cleaved by
restriction enzymes and analyzed by gel electrophore-
sis. The distribution of these digests was measured by
scintillation counting of equal gel slices. The resulting
graphs were computer digitalized, and the average
molecular size was calculated by reference to the
molecular-weight markers. Each distribution was arbi-
trarily divided into approximately 35 fractions and
normalized to obtain the percentage of the total DNA
sample in each fraction.
The theoretical distribution of size classes of DNA

cleaved by specific restriction enzymes was calculated
from the following considerations. Let P be the proba-
bility of a certain restriction site appearing in the
DNA. Then the probability of obtaining a particular
length ofDNA, n, can be expressed as n(1 - P)" - 1 P.
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The percentage of DNA representing a specific size
class (from n = x to n = y) can then be written as:

3-y 00

7, n(l - p)n I1 pl I, n(l p)n -1 p
n = 1

which can be simplified to:

n =y

P 2 n(l PY1 -
n -x

In all cases, the size fractions were arbitrarily chosen
to correspond to the logarithmic distribution of sizes
obtained from the gel electrophoresis analysis. P is
equal to the reciprocal of the computed number aver-
age molecular size for any particular restriction digest.

RESULTS

Analytical gel electrophoresis of restricted
DNA provides several types of information
about the placement of a particular site on the
cellular DNA. By reference to molecular size
markers, one can calculate the number average
molecular weight of the DNA and thereby obtain
the frequency of appearance of this site. By
studying the distribution pattern of these restric-
tion fragments, one can deduce the topographi-
cal arrangement of these sites on the DNA
backbone. Any deviation from a normal distri-
bution indicates nonrandom placement of a par-
ticular site. With methylation-sensitive restric-
tion enzymes, this method can be used to map
the locations and clustering of DNA methyl
moieties.
When mouse liver DNA was digested with

HpaII and subjected to analytical gel electro-
phoresis, the DNA was found to have a number
average molecular size of about 7,000 nucleotide
pairs. Although most of the DNA migrated as
one distinct peak, a broad shoulder in the region
of 2,000 base pairs was consistently observed in
all DNA preparations digested to completion
with HpaII (Fig. 1). This shoulder was not seen
when the same DNA was cleaved by enzymes
such as MspI and EcoRI, which do not recog-
nize C-G methylations, but was evident in DNA
digested with HhaI (data not shown), another
enzyme which is sensitive to methylation in its
restriction site. A similar semi-bimodal pattern
was observed with DNA from several mouse

and chicken tissues, including sperm. Further-
more, the distribution pattern ofHpaII-digested,
tritium-labeled mouse L-cell DNA was found to
be identical to the pattern observed for ethidium
bromide-stained DNA. In all cases, restriction
was shown to be complete by the fact that higher
concentrations of restriction enzyme yielded
identical results.
To show that this partially bimodal pattern is

indeed significant, we compared these gel analy-
ses with the expected distribution of this DNA
as calculated from the average number of sites
for each restriction enzyme. The computer-gen-
erated distribution patterns are also shown in
Fig. 1. Although the theoretical curve for the
enzymes EcoRI and MspI fitted closely to the
experimental results, there was a marked differ-
ence between the calculated and experimental
distribution for HpaII cleavage. The contrast
between the theoretical and empirical curves
points out the bimodal nature of the HpaII
restriction distribution.
These results strongly suggest that methylated

HpaII sites are distributed in a nonrandom fash-
ion on mouse liverDNA in such a way that there
are large clusters of heavily methylated regions
as well as stretches of undermethylated DNA.
This hypothesis was examined directly by using
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FIG. 1. Size distribution of mouse tiver DNA after

restriction enzyme digestion. DNA was cleaved to
completion and subjected to 0.6% agarose gel electro-
phoresis together with approximately 20 molecular-
weight markers ranging in size from 50 to 0.4 kilo-
bases. Gel photographic negatives were stained and
normalized as described in the text and are shown as a
function of molecular size. (--,Experimental re-
sults, ( ), theoretical distribution as computed from
the number average molecular size of each digest:
EcoRl, 3.2 kilobases; Mspl, 2.3 kilobases, Hpall, 6.5
kilobases. Total unrestricted DNA had a number aver-
age molecular size of 40 kilobases.
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TABLE 1. Determination of methyl clusters by
MspI digestion of HpaII-fractionated DNA'

Molecular size (kbb) of: Average
DNA Untreated MspI-digested methyl

DNA DNA cluster
Total 6,300 2,100 3.2
Fraction I 21,000 3,400 6.2
Fraction II 12,000 2,800 4.3
Fraction III 3,200 1,600 2.0

a Mouse DNA was cleaved to completion with
HpaII and fractionated by sucrose gradient centrifuga-
tion with a 10 to 40%o sucrose gradient containing 20
mM Tris-hydrochloride (pH 7.9), 1 M NaCl, and 10
mM EDTA (10). This method yielded a distribution
similar to that obtained by gel analysis, with somewhat
less resolution. Fractions were collected, and the
DNA was recovered by ethanol precipitation. Each
DNA fraction was treated with MspI and analyzed by
analytical gel electrophoresis with 0.6% agarose slab
gels. The number average molecular size for both
untreated DNA and MspI-cleaved DNA was then
determined by computer analysis. The ratio of the size
of the untreated DNA to that of the MspI-treated DNA
represents the average number methylated CCGG
clusters for each fraction.

b kb, Kilobases.

HpaII and MspI digestion to measure the extent
of methylation at CCGG sites. DNA was digest-
ed with HpaII and preparatively size fractionat-
ed on sucrose gradients. Several size fractions
were then collected, digested with MspI, and
analyzed by analytical gel electrophoresis to
determine the number average size of the DNA.
The extent of methylation of each fraction could
be determined by comparing the average size of
the DNA before and after MspI cleavage. The
large DNA produced by HpaII digestion con-
tained multiple clustered methyl moieties,
whereas the smaller DNA fragments were signif-
icantly undermethylated (Table 1). These results
demonstrate that the bimodal pattern obtained
by HpaII restriction is due to the unique distri-
bution of methylated sites and is not the result of
clustering of CCGG sites.
Although these experiments convincingly

show that HpaII methylations are clustered on
the DNA, these particular methyl moieties rep-
resent only about 6% of the C-G methylations in
cellular DNA. To analyze the distribution of all
methyl moieties, total DNA was labeled by nick
translation with [a-32P]dGTP as the sole nucle-
otide source. When this DNA was subjected to
nearest-neighbor analysis, the C-G dinucleotide
was found to be 67% methylated. This labeled
DNA was digested to completion with HpaII
and fractionated by gel electrophoresis. Several
fractions were extracted from the gel and ana-

lyzed by nearest-neighbor analysis. Large HpaII
fragments were heavily methylated, whereas
smaller DNA pieces were quantitatively under-
methylated (Table 2). This observation strongly
indicated that all C-G methylations are nonran-
domly arranged on the DNA in highly methylat-
ed and relatively undermethylated compart-
ments.
When wheat germ DNA was digested to com-

pletion with HpaII, results similar to those
shown in Fig. 1 were obtained. Whereas animal
cell DNA contains methyl groups almost exclu-
sively at the dinucleotide sequence C-G, plant
DNA is highly methylated, and additional meth-
ylation sites are observed. These plant-specific
methyl moieties are located in the prototype
trinucleotide sequence C-X-G, where X can be
either adenine, thymine, or cytosine (6). Methyl-
ation at these sites can be measured with specif-
ic restriction enzymes which are sensitive to
methylation in the C-X-G-containing restriction
site. Thus, the enzymes PvuII (CAGCTG), PstI
(CTGCAG), and EcoRII (CC1GG) cut plant
DNA very poorly owing to extensive methyl-
ation at these sites. Although the role of these
unusual methylations is not understood, it was
of interest to determine their distribution.
EcoRII digests wheat germ DNA in a distinct
bimodal pattern reminiscent of the distribution

TABLE 2. C-G methylation of HpaII-fractionated
mouse DNA'

DNA C-G methylation

Total HpaII restricted ........... 67
Fraction I ........... ... 69
Fraction II .............. 53
Fraction III .............. 42

a Total mouse DNA was nick translated in the
presence of [a-32P]dGTP as the sole nucleoside tri-
phosphate to an intentionally low specific activity of
50,000 cpm/p.g to obtain relatively unsheared DNA.
The resulting DNA was cleaved to completion by the
restriction enzyme HpaII and fractionated by electro-
phoresis with 0.6% low-melting agarose. Several gel
fractions were cut, extracted (13), and subsequently
examined for C-G methylation by nearest-neighbor
analysis (7). The results are presented as the percent-
age of methylated cytosine in all C-G residues. Total
unrestricted labeled DNA was also subjected to gel
electrophoresis, extraction, and nearest-neighbor
analysis. HpaII-cleaved DNA was divided into three
large fractions. Fraction I contained the largest 70%o of
the DNA (>7 kilobases), Fraction II contained the
next largest 20%'o of the DNA (3 to 7 kilobases), and
Fraction III contained the smallest 10%o of the DNA
(<3 kilobases). The results shown in the table repre-
sent the average data obtained from six separate
experiments.
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obtained for C-G methylations (Fig. 2). BstNI,
an isoschizomer of EcoRII which is unaffected
by cytosine methylation, cleaves this DNA,
yielding an apparently normal distribution with a
number average size of 530 base pairs. The
EcoRII digestion has a shoulder in this same size
range, indicating that a fairly large fraction of the
plant DNA has clustered regions of undermethy-
lation. DNA from tobacco and cauliflower gave
similar results.

DISCUSSION
Previous results have demonstrated that

methylated CCGG sites are found in a clustered
organization in some invertebrate organisms (1,
19). The data shown in this paper extend these
findings to include all methylated C-G residues
in animal cell DNA and methylated C-X-G moi-
eties in plant DNA. This suggests that the
compartmentalization into methylated and
unmethylated DNA regions may be a general
phenomenon.

Bird et al. originally pointed out that one
could study the arrangement of DNA methyl
moieties by looking at the size distribution of
DNA digested to completion with HpaII (2). A
normal distribution would suggest that the meth-
yl groups are placed randomly on the DNA,
whereas deviation from this curve might indicate
clustering of methylation. In the case of sea
urchin DNA, HpaII cleavage yields two distinct
size classes ofDNA, suggesting compartmental-
ization of methylated and unmethylated regions.
The same technology used on animal cell DNA
yielded qualitatively similar results. Owing to
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FIG. 2. Size distribution of wheat germ DNA after
restriction enzyme digestion. DNA was cleaved, sub-
jected to 0.6% agarose gel electrophoresis, scanned,
and normalized as described in the text. (--), Cleav-
age distribution obtained from EcoRII (number aver-
age size, 6 kilobases); (-), result of BstNI cleavage
(number average size, 0.5 kilobases).

several factors, gel analysis of this DNA re-
vealed a quantitatively small undermethylated
compartment. Animal cell DNA is 70 to 80%
methylated at CCGG sites, and MspI sites are
much less frequent in mouse DNA (every 2,100
base pairs) (12), making gel analysis difficult,
since clusters of even 10 methylated sites would
yield DNA too large to be resolved by our gel
systems and close to the size of unrestricted
DNA. In this regard, it should be noted that we
attempted analysis on 0.25% agarose gels. Al-
though clustering was nicely visualized, we
chose not to use these gels since, for unknown
reasons, average molecular-weight determina-
tion was found to be extremely inaccurate.
The clustering of methylated MspI sites is

probably representative of all methylated C-G
residues, as shown by the fact that fragments
cleaved by HpaII were relatively unmethylated
at other sites. The most likely explanation for
the clustered distribution of methyl moieties is
that undermethylated regions represent the ac-
tive portion of the genome, whereas inactive
DNA is heavily methylated. Many examples
point to a correlation between gene expression
and undermethylation. Several individual genes
were found to be highly methylated at restriction
sites in germ line DNA but relatively undermeth-
ylated at specific sites in somatic cells which
express the gene, but not in those where the
gene is silent (9, 15, 18). Other evidence shows
that all expressed genes in a particular cell are
about 30%o as methylated as the average cellular
DNA (12). In sea urchin DNA, all active genes
which were examined were found to be present
in the unmethylated compartment (1). Since
animal DNA is 70 to 80% methylated, on the
average, every fourth C-G will be unmethylated.
If there exist enough areas which are relatively
undermethylated or overmethylated, this will
obviously appear as clustering in a gel distribu-
tion analysis. The extent of clustering cannot be
determined accurately owing to the limitation of
the gel electrophoresis system.
Although much is known about the inheri-

tance of a particular methylation pattern, very
little has been learned about the mechanisms
involved in altering this pattern. In particular,
specific demethylation must occur during differ-
entiation, and de novo methylation is known to
occur during viral transformation by certain
viruses (4, 17). In this regard, it is interesting to
note that demethylation can be induced artifi-
cially by the use of certain drugs, such as 5-
azacytidine. This compound is thought to act
during DNA replication by replacing cytosine
with a compound which cannot subsequently
undergo methylation (8). This drug causes the
induction of otherwise inactive genes, such as
the chicken endogenous viral genome (5) and the
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X-chromosome-associated hypoxanthine phos-
phoribosyl transferase gene (11), presumably by
causing demethylation. This undermethylation
must be partially specific to certain regions of
the genome, since other genes do not seem to
undergo extensive demethylation (5). This sug-
gests that this drug-induced undermethylation
may occur processively in long clusters. If this
same process were to occur under normal cir-
cumstances, it might explain the general cluster-
ing of methyl moieties in eucaryotic DNA.
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