
“From small beginnings come great things” (proverb).
More than 50 years ago it was already known that along

with four classical bases (adenine, guanine, cytosine, and

thymine) so�called “minor” methylated bases can occur

in DNA. 5�Methylcytosine (m5C) was found first as a

minor base in various DNAs [1, 2], and N6�methylade�

nine (m6A) was detected then in bacterial DNA [3, 4].

The origin of these bases in DNA was unknown for a long

time. Only in 1963 the specific enzymes DNA�methyl�

transferases were observed in bacteria and then in eukary�

otes; these enzymes transferred methyl groups from S�

adenosyl�L�methionine (AdoMet) selectively onto defi�
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Methylation helps give life, and it can take it away.

In fact, without methylation there would be no life at all.
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Abstract—In eukaryotic cells nuclear DNA is subjected to enzymatic methylation resulting in formation of 5�methylcytosine

residues mainly in CG and CNG sequences. In plants and animals, this DNA methylation is species�, tissue�, and organelle�

specific. It changes (diminishes) with age and is regulated by hormones. On the other hand, genome methylation can control

hormonal signal. There are replicative and postreplicative DNA methylations. They are served by multiple DNA�methyl�

transferases with different site specificity. Replication is accompanied by appearance of hemimethylated sites in DNA; pro�

nounced asymmetry of DNA chain methylation disappears at the end of the cell cycle; a model of regulation of replication

by DNA methylation is suggested. DNA methylation controls all genetic processes in the cell (replication, transcription,

DNA repair, recombination, gene transposition) and it is a mechanism of cell differentiation, gene discrimination, and

silencing. Prohibition of DNA methylation stops development (embryogenesis), switches on apoptosis, and is usually lethal.

Distortions in DNA methylations result in cancerous cell transformation, and the DNA methylation pattern is one of the safe

cancer diagnostics at early stages of carcinogenesis. The malignant cell has a different DNA methylation pattern and a set of

DNA�methyltransferase activities expressed as compared with normal cells. Inhibition of DNA methylation in plants is

accompanied by induction of genes of seed storage proteins and flowering. In eukaryotes one and the same gene can be

methylated both on cytosine and adenine residues; thus, there are, at least, two different and probably interdependent sys�

tems of DNA methylation in the cell. First higher eukaryotic adenine DNA�methyltransferase was isolated from plants; this

enzyme methylates DNA with formation of N6�methyladenine residues in the sequence TGATCA → TGm6ATCA. Plants

have AdoMet�dependent endonucleases sensitive to DNA methylation status; therefore, like microorganisms, plants seem to

have a restriction–modification (R–S) system. Revelation of an essential role of DNA methylation in the regulation of genet�

ic processes has laid a foundation for and materialized epigenetics and epigenomics.
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nite cytosine or adenine residues in DNA chains [5]. It

became clear that minor bases (m5C and m6A) do not

incorporate into DNA in a ready�made form but origi�

nate there as a result of enzymatic modification (methy�

lation) of common bases (C or A, respectively) in DNA

chains that are forming or already formed. Nevertheless,

the specificity and functional role of DNA methylations

were still unknown for a long time. Moreover, the concept

that these minor bases do not have any essential signifi�

cance both in the structure of DNA itself and in its func�

tioning was quite widely disseminated.

The classical object of traditional genetics,

Drosophila, served mistakenly very often as an “irre�

sistible” evidence for this postulate. In fact, m5C in the

genome of this insect escaped detection for a very long

time. Therefore, it was concluded by many investigators

that this DNA modification does not play a significant

role in the life of eukaryotic organisms because Drosophila

lives comfortably without any DNA methylation. This

situation did not bring very much enthusiasm to DNA

methylation research in many world�renowned molecular

biology laboratories and allowed us to study this matter

without any race for many years.

Actually, we have been involved in this research for

about 50 years. Similarly to the great Russian physiologist

(Nobel Prize winner) I. P. Pavlov, who erected a memori�

al to dog (his beloved experimental animal), we have to

erect a memorial to Drosophila not because it like a dog is

a very useful object in biological experiments, but because

it allowed us to peacefully investigate DNA methylation

starting from the early beginnings without being tired out

by enormous competition and agiotage. Besides, a long

time ago we already noted that the Drosophila genome is

very much deficient in CpG sequences that usually serve

as the main substrates for in vivo DNA methylation in

eukaryotes; according to our opinion this strong CpG

suppression in Drosophila genome could be due to only

methylation of cytosine residues [6]. As we could not

detect the proper DNA�methyltransferase activity in

Drosophila at that time [7], we designated this putative

DNA modification as a “fossil” DNA methylation [6].

Recently it was clearly shown that DNA in Drosophila is

methylated (it contains m5C), this DNA modification

being important for normal insect development, and spe�

cific cytosine DNA�methyltransferase has been detected

at early insect developmental stages [8, 9].

We were always sure that minor methylated bases in

DNA as well as the enzymatic genome modification

should not be traceless in the genome organization and

they must obligatorily effect cell functions.

DNA methylation and its influence on DNA structure
and interaction with proteins. Now a few words on the

effect of methylation on DNA structure. We have been

lucky to find unusual natural double�stranded DNA

(DNA of AR9 bacteriophage for Bacillus brevis) in which

thymine is completely substituted by a typical RNA base,

uracil. Roughly speaking, uracil is thymine lacking a

methyl group. This bacteriophage DNA containing uracil

melted at significantly lower temperature compared with

normal thymine containing DNA of the equivalent base

composition [10]. It became clear that methylation of

cytosine residues is not indifferent to DNA structure: it

stabilizes double helix. But it was more attractive to find

that methylation strongly affects DNA binding with vari�

ous proteins. In particular, we isolated from plant nuclei

proteins that bind specifically to regulatory elements of

ribosomal RNA genes (135 bp subrepeat element) and

showed that binding of these proteins is modulated

(inhibited) by in vitro methylation of cytosine residues in

CCGG sites [11].

In many cases cytosine DNA methylation prohibits

binding of specific nuclear proteins (factors) involved in

realization of various genetic processes including tran�

scription, replication, and DNA repair. On the other

hand, there are m5C�DNA�binding proteins that arrange

specifically on DNA an entire ensemble of protein com�

plexes controlling gene expression [12, 13].

Non�enzymatic DNA methylation. It is curious that if

DNA was incubated in the presence of methyl�labeled S�

adenosyl�L�methionine without any proteins added, the

radioactivity was detected in DNA and, particularly, in 5�

methylcytosine and thymine residues newly formed there.

In this way we discovered non�enzymatic DNA methyla�

tion [14]. Interestingly, the amount of labeled thymine

formed was much more than that of labeled m5C. Thus, it

was shown that non�enzymatic DNA methylation in water

solution is conjugated with rapid oxidative deamination of

the m5C residues formed with their transformation into

thymine residues (see Scheme). This was real evidence

that methylation of cytosine residues in DNA may often

result in C → T transition, and 5�methylcytosine residues

in DNA are “hot” mutation points. This event is a reason

for disappearance (suppression) of some CpG sequences

from genes and genomes of various organisms, and it is a

main route of natural mutagenesis and evolution.

Specificity of DNA methylation. The existence of

potential non�enzymatic DNA methylation in nature was

effectively used by specific enzymatic proteins that

appeared with evolution; these proteins, DNA�methyl�

transferases, unlike random non�enzymatic methylation,

modify cytosine and adenine residues specifically in defi�

nite DNA nucleotide sequences. We deciphered one of

the first such sequences methylated in bacterial DNA

[15]. It appeared that in Bacillus brevis cells the cytosine

DNA�methyltransferase methylates a cytosine residue

(underlined) in the symmetrical nucleotide sequence (5′)
N′ G C T G C N (3′). The specific endonuclease splitting

this sequence when unmethylated was later isolated from

similar bacilli by Dr. R. Roberts. It turned out that DNA

methylation in bacteria is a part of host restriction–mod�

ification phenomenon. This, in particular, means that

bacteriophage grown in cells of a given bacterial strain
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acquires host specificity due to DNA methylation and

afterwards is able to infect only the cells of this particular

host (the set of future hosts is extremely restricted).

Bacteriophage DNA methylated with host DNA�methyl�

transferases is protected against hydrolysis with methyl�

sensitive endonucleases in these particular host cells but

not in others. We have established, in particular, that

specificity of the adenine methylation sites in T2 bacterio�

phage DNA and its host E. coli DNA is the same [16]. To

some extent, these early data along with others served as a

sort of explanation of the chemical nature of host restric�

tion–modification in bacteria. Before that, we had been

assured that in various bacteria DNA is methylated in a

different fashion; thus, in fact, strain and species speci�

ficity of DNA methylation in microorganisms was

described [17]. Moreover, it was shown that DNA methy�

lation pattern changes on dissociation (R� and S�form)

[17], spore formation [18], and piocyne induction [19] in

bacteria. It seems that these data were the first indication

that DNA methylation is associated with cellular differ�

entiation in microorganisms.

It was unknown but important to determine what is

the chemical and biological specificity of DNA methyla�

tion in eukaryotes including plants and animals. Even

before the methods of DNA sequencing appeared we ana�

lyzed pyrimidine sequences (clusters) isolated from DNA

by chemical hydrolysis and showed that in plant genomes

5�methylcytosine is located in sequences such as

Pu�m5C�Pu, Pu�m5C�T�Pu, Pu�m5C�C�Pu, and Pu�

m5C�m5C�Pu [20]. This corresponded to data of Razin’s

group that appeared simultaneously on methylation of

cytosine residues in plant and animal DNAs [21].

According to our data for plant DNA, up to about 30% of

5�methylcytosine is localized in m5CNG sequences [20].

The presence of m5C in CNG sites, particularly, in animal

DNA was distrusted and even neglected for a long time.

But, in fact, this DNA methylation was shown to be real

in animal cells also [22�26] and it has an essential biolog�

ical significance. Methylation of cytosine residues in

these and asymmetrical DNA sequences is mainly

observed on gene methylation directed by small double�

stranded RNA molecules associated with gene silencing

[27]. In plants an unusual enzyme was recently found that

methylates cytosine residues in any context except for

CpG sequences [28]. It should be noted that DNA

methylation in plants is much richer and more diverse

compared with animals; it is carried out by a larger set of

specific DNA�methyltransferases, some of which are

controlled and utilized via ubiquitin [29, 30].

Thus, in principle the nature of the chemical speci�

ficity of DNA methylation in plants and animals is estab�

lished. There is no doubt that along with specific action of

DNA�methyltransferases DNA methylation depends also

on the structural organization of chromatin and accessi�

bility in it of respective DNA sites to be modified. This

certainly means that a study of DNA methylation itself

requires serious research on chromatin; further progress

in this area is impossible without deciphering of fine fluc�

tuating chromatin structures in the nucleus.

As for biological specificity of DNA methylation, we

learned a long time ago that it is species�specific. In many

invertebrates methylation degree of the genome is very

low; as we have already mentioned, m5C amount in

Drosophila DNA is very small and it could not even be

detected for a very long time, whereas in vertebrate DNAs

it is always present in noticeable amounts [31]; in plant

DNA this base cannot even be called a minor one because

it is quite comparable with cytosine [32, 33].

We have established that along with species�speci�

ficity there are also tissue� (cellular), subcellular�

(organelle), and age�specificity of DNA methylation in

animals and plants. It seems to be appropriate to cite here

one of our American colleagues, Dr. Craig Cooney ([34],

Preface XV, pp. 124, 182): “Dr. Boris Vanyushin and co�

workers in Moscow first showed in the 1960s and pub�

lished in 1967 that salmon lost DNA methylation with

Non�enzymatic DNA methylation [14]

Thymine
5

DNA + methyl*�SAM

methylation deamination

Cytosine 5�methyl*�cytosine (5�methyl*�uracil)

methyl*�DNA + SAH

(transition)
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age. The same group of scientists later showed that what

was true in salmon was also true for most of the organs

they studied in cattle and rats. Later studies by several

groups of scientists in the United States and Japan indi�

cated that many organs in mice also showed loss of DNA

methylation with aging”. Original data on decrease in

m5C content in DNA of different animals on aging are

presented in [35�42] (see Table 1). Now the age�depend�

ent demethylation of DNA is quite obvious, and some

investigators are inclined even to consider DNA methyla�

tion degree as a sort of biological clock that measures the

age and forecasts lifespan. Distortions in DNA methyla�

tion may lead to premature aging. We have to keep it

always in mind and to avoid a deficiency, at least, in folic

acid and B12 vitamin that take part in formation of

methionine, a donor of methyl groups in the cell.

We have observed that DNAs in the cells of one and

the same organism are methylated in a different fashion.

Detection of tissue specificity of DNA methylation

allowed us first to declare that DNA methylation should

be a mechanism of regulation of gene expression and cell

differentiation [31, 43]. These data have drawn the atten�

tion of many investigators in this country and abroad and

pushed ahead the intense study of DNA methylation

throughout the world.

We also found that DNA methylation in mitochon�

dria and the nucleus of one and the same cell is different.

5�Methylcytosine was detected in a bovine heart mito�

chondrial DNA [44]. The distribution pattern of m5C

among pyrimidine isopliths in mitochondrial and nuclear

DNAs occurred to be different [45]. Besides, we isolated

cytosine DNA�methyltransferase from bovine heart

mitochondria and found that this enzyme has different

site specificity action compared with a nuclear one [46].

Thus, the subcellular (organelle) specificity of DNA

methylation was also discovered.

Functional role of DNA methylation. As fate decrees,

we were the ones who first, in a very skeptical general

atmosphere, ask the question: What biological signifi�

cance may DNA methylation have? Therefore, we were

obliged to find different illustrative and adequate biologi�

cal models that could be used for getting evidence of the

exclusive significance of this genome modification.

Initially we thought that if DNA methylation is really

associated with some biological functions, it should be

changed itself when these functions are induced. Thus,

we started to investigate what could happen with DNA

methylation in models induced such as hydrocortisone–

liver and training (memory)–neurons. Indeed, DNA

methylation pattern in rat liver changed significantly after

hydrocortisone introduction and these changes were

accompanied by induction of various genes [39, 42, 47�

49]. DNA methylation pattern in neurons but not other

brain cells was changed during rat training [50�52].

Changes in the neuron DNA methylation pattern

induced by training were among the first evidences that

the genome takes part in memory formation [50]. In

plants DNA methylation strongly changes on seed germi�

nation [53], transition to flowering [54], and after infec�

tion with various fungi, parasitic plants, and viruses [55,

56]. It became clear that infective agents can more or less

delicately act on plants in their own favor by modulation

of DNA methylation in host cells.

“As early as 1977 a Russian team looked at normal

cells from cows, then compared those with cells from

cows who had a type of cancer known as lym�

pholeukemia. In general, the overall DNA methylation

was lower in cells from animals with the cancer. This was

one of the early clues that methylation, DNA methyla�

tion, at least, might be involved in cancer, either as a

cause or as a result” [34]. In fact, we have shown that in

lymphocytes of cows suffering from chronic lympholeu�

cosis the DNA methylation pattern is drastically changed

compared with normal cells [57�60]. In malignant cells

with very high DNA�methyltransferase activity the level

of total DNA methylation was lower but in palindrome

highly�reiterated sequences it was higher than that in nor�

mal lymphocytes [61]. Unlike in normal cells, two DNA�

methyltransferase activities, at least, were found in the

nuclei from cows suffering from lympholeucosis. One of

these enzymes differed strongly in site specificity from

DNA�methyltransferase activity of lymphocytes from

healthy animals [62]. All these findings allowed us to first

firmly conclude that serious distortions in DNA methyla�

tion are a way to cancer. Now this idea is an axiom; it was

confirmed lately and strongly developed now in brilliant

works done by Drs. S. Baylin, M. Ehrlich, R. Jaenisch, P.

Jones, M. Szyf, G. Pfeifer, W. Doerfler, P. Volpe, and

Tissue

Muscles

Liver

Kidneys

Spleen

Spawning stage

I

II

III

I

II

III

I

II

III

I

II

III

5�Methylcytosine (mole %)

1.80 ± 0.01

1.70 ± 0.03

1.42 ± 0.01

2.13 ± 0.02

1.93 ± 0.04

1.31 ± 0.03

1.98 ± 0.01

1.80 ± 0.02

1.62 ± 0.01

2.05 ± 0.02

1.76 ± 0.02

1.20 ± 0.03

Table 1. Content of 5�methylcytosine in DNA of Pacific

salmon [35]

Note: I, see life period; II, beginning of migration into river; III, soon

after spawning.
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many others; gene methylation pattern now is a safe diag�

nostic index of many cancers even at the very early stages

of malignancy. We have observed recently an increased

level of DMT1 gene expression, changes in the set and site

specificity of DNA�methyltransferases, and an appear�

ance of new proteins with DNA�methyltransferase activ�

ities in tumor (hepatoma) cells of rats fed with methyl�

deficient diet (Fig. 1) [63]. Thus, our original idea [57] of

the triggering of malignancy by distortion of DNA

methylation has been confirmed again.

We have established that DNA methylation in ani�

mals and plants is under hormonal control [39, 42, 47�49]

and is modulated by antioxidants [42]. Thus, ionol

(BHT) modulates DNA methylation in rats; in liver it

induces de novo DNA methylating enzymes and stimu�

lates transcription of genes for AdoMet�synthetase and

p53 [64]. It was shown that highly purified dexametha�

sone–receptor complexes from rat liver bind specifically

to GC�rich DNA regions [65�67]. This was the first evi�

dence that specific sites for binding of hormone–receptor

complexes (HRC) exist in DNA; this was a sort of a sur�

prise for leaders of the “empire” of molecular endo�

crinology of corticosteroid hormones. HRC bind pre�

dominantly with a fraction of homologous DNA, tran�

scription of which is stimulated by cortisol [67]. In rat

liver chromatin, cortisol induces transposition of specific

sites binding HRC from potentially active DNA fraction

to DNA fraction transcribed [67]. A very important fact

was described at that time—DNA methylation effectively

controls hormonal signal: in vitro methylation of rat liver

nuclear DNA with homologous DNA�methyltransferase

prevents HRC binding [68]. Thus, there is a mutual con�

trol in cells; on one hand, hormones control genome

methylation and, on the other hand, DNA methylation is

not indifferent to realization of the hormonal signals.

This is true for both animals and plants.

In plants, hormones (phytohormones of various

classes) and other specific plant growth regulators effec�

tively control DNA methylation [69�71]. For example,

they can diminish global DNA methylation in a cell

cycle. Besides, phytohormones inhibit methylation of

newly formed DNA chains but not the Okazaki fragments

(Table 2) [70, 72]. This was the first evidence that phyto�

hormones can influence genome by modulation of its

methylation status. In general, we are inclined to think

that modulation of DNA methylation is one of the prin�

cipal mechanisms of hormone action in plants and ani�

mals. It cannot be ruled out that HRC can recognize and

compete well with respective DNA�methyltransferases

for specific DNA binding sites.

Replicative DNA methylation and inheritance of DNA
methylation pattern. We have been interested to learn

when and to what extent DNAs are methylated in the cell

cycle in plants and animals. It is well known that synthe�

Fig. 1. DNA�methyltransferase activities from rat liver (a) and hepatoma (b) cells [63].
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sis of one of the DNA chains during replication of dou�

ble�stranded DNA is continuous but other chain is syn�

thesized discontinuously with formation of relatively

short fragments that then are to be ligated. We decided to

isolate these fragments and to learn whether they are

methylated or not. Fortunately, we were glad to observe

that DNA synthesis in plant and animal cells grown at

their high concentration in a medium is mainly limited to

formation and accumulation of these short DNA frag�

ments as their ligation is strongly inhibited [69�74].

Therefore, it was a great opportunity to obtain these DNA

fragments in sufficient amounts and investigate their

methylation. In fact, they represented the Okazaki frag�

ments that in chase�experiments were ligated with forma�

tion of normal long DNA chains. It turned out that

Okazaki fragments in plants and animals are already

methylated (Table 2).

Thus, the proper replicative DNA methylation in

eukaryotes was discovered and well documented; besides,

it was suggested that some DNA�methyltransferases can

be constituents of the replicative complex [69�76].

Okazaki fragments differed in degree and site specificity

of methylation from ligated replication intermediates and

mature DNA (Table 2). Unlike methylation of ligated

DNA products, methylation of Okazaki fragments was

relatively resistant to various inhibitors of the methylation

reaction (S�isobutyladenosine and others) and it was not

inhibited by hormones (auxins in plants). We concluded

that the nucleus should contain a few DNA�methyltrans�

ferases, each of them serving at a particular replication

stage and differing from others in site specificity and sen�

sitivity to respective inhibitors [69, 74]. This is now in a

full agreement with modern data on the multiplicity of

DNA�methyltransferases in plant and animal cell.

Then we were able to discriminate between replica�

tive and postreplicative DNA methylations in plants [76�

79]. These types of DNA methylation are different in site

specificity and regulation by phytohormones and

inhibitors [71�79].

We have suggested a mechanism of regulation of

DNA replication by methylation (Fig. 2). It has been

established that during replication hemimethylated sites

Cells and growth conditions

L�Cells

Tobacco cells

Tobacco cells + 2,4�D (5 mg/liter)

� 5S

2.8 ± 0.2

17.0 ± 0.4

20.2 ± 0.6

� 5S

4.2 ± 0.1

40.2 ± 0.3

20.1 ± 0.5

Table 2. Methylation degree of newly formed DNA in L�

cells and suspension culture of tobacco cells [71]

100 · m5C/(C + m5C)

Replication
DNA fragments

Fig. 2. Regulation of DNA replication in a cell cycle by DNA methylation [71].

SE�DNA

SL�DNA

I

III
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III→I
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IIII→III
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REPLICATION
PERMITTED

REPLICATION
GOES ON
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in plant DNA are formed, and the methylation pattern of

newly synthesized DNA duplexes is asymmetric as daugh�

ter strand is essentially undermethylated compared with

the parental one. We observed that this asymmetry of

chain DNA methylation decreases up to the end of the

cell cycle, and before a new replication round the

hemimethylated sites become again fully methylated due

mainly to maintenance DNA�methylation. This was

proved by analysis of methylation degree of DNA isolated

at different cell cycle stages with separation of individual

chains by CsCl density gradient centrifugation.

Replication of hemimethylated DNA in the eukaryotic

cell seems to be prohibited as it will result in a loss of the

epigenetic signal [71, 79]. Much later, it was clearly exper�

imentally demonstrated that in bacteria this type of regu�

lation of replication is realized by dam�methylation. Now

it is more or less evident how this signal (methylation pat�

tern) can be inherited. As already mentioned, replication

produces hemimethylated sites in DNA formed, and most

genes seem to be functional when DNA in an interphase

nucleus is in this particular state. Before the next round of

replication and cell division the maintenance DNA�

methyltransferases, particularly dmt1 responsible for

maintenance of genome methylation status, methylate

hemimethylated sites with formation of fully methylated

ones. m5C in one DNA chain serves as a signal for methy�

lation of the opposite cytosine residue in a complementa�

ry chain. This stops gene transcription but permits repli�

cation when the cell cycle is completed (Fig. 2).

Thus, DNA methylation pattern is inheritable and

this has been demonstrated in many experiments. For

instance, treatment of wheat plants which are ready to

flower with 5�azacytidine (a DNA methylation inhibitor)

results in an increase in the seed storage protein content

by more than 30% (Fig. 3) [80]. This is a fantastic event,

which plant geneticists could only dream about.

Unfortunately, this extraordinary seed quality induced is

inherited for a few generations only. Usually the seed

storage protein genes seem to be quite significantly

repressed. As a result of plant treatment with 5�azacyti�

dine, DNA becomes strongly demethylated and elevated

expression of these genes in a forming seed takes place.

Usually the amount of storage proteins in mature seed

formed is enough for future plant development, and

excess of these proteins is not needed. The excessive for�

mation of storage proteins in seeds induced by 5�azacyti�

dine can be very useful in biotechnology. DNA demethy�

lation induced by 5�azacytidine also activates apoptosis

strongly [81]. Sometimes distorted DNA methylation

pattern seems to be inherited, then in one case it will be a

good but in another case it will be a disaster associated

with inheritable diseases and death. Nevertheless, the cell

aspires always to recover the initial DNA methylation

pattern, and there are many special delicate mechanisms

that correct effectively the distorting attacks of fate and

medium. Unfortunately, we still know very little about

this wisdom of living cell.

Anyway, the skeptics mentioned above are prostrat�

ed, and today it is well known that DNA methylation in a

cell is not a trifle but it controls all (!) genetic processes

including transcription, replication, recombination, gene

transposition, DNA repair, and X�chromosome inactiva�

tion. Therefore, this small DNA modification strongly

attracts the interests of very many scientists in the modern

world.

Methylation of adenine residues in plant DNA. N6�

Methyladenine was directly detected in DNA of eukary�

otes a long time ago. It occurs in DNA of algae [82] and

their viruses [83], fungi [84, 85], protists [86�91], and

plants [92, 93]. Certainly, this could mean that in eukary�

otes the genomes can be methylated on both cytosine and

adenine residues. We have found N6�methyladenine in

total DNA isolated from many higher plants [92], in

mitochondrial DNA of wheat seedlings [94], and shown

that, unlike in animals, the mitochondria in plants

(wheat) possess adenine DNA�methyltransferases but not

cytosine DNA�methyltransferases [95]. In plants a new

class of heterogeneous in contour length minicircular

heavy mitochondrial DNAs containing N6�methylade�

nine but not 5�methylcytosine was observed [96]. These

Fig. 3. Increased storage protein content in wheat seeds induced

by DNA�demethylating agent 5�azacytidine (C, control) [80].

C
5�azacytosine
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DNA were found in all archegoniate and flowering plants

investigated [97]; synthesis of these DNAs is most strong�

ly pronounced in aging plant organs (for instance, aging

coleoptiles in cereals) [96]. Intense replication of these

mtDNAs is one of the specific apoptotic features in plants

[98, 99].

By computer analysis of available databases we have

established that the open reading frames (ORF) coding

for proteins that possess a high degree of homology with

prokaryotic DNA�(amino)methyltransferases are present

in the genomes of Leishmania major, Saccharomyces cere�

visiae, Schizosaccharomyces pombe, Arabidopsis thaliana,

Drosophila melanogaster, Caenorhabditis elegans, and

Homo sapiens [100]. Conservative motifs typical for bac�

terial DNA�(amino)methyltransferases have been detect�

ed in the amino acid sequences of these putative proteins.

The ORFs of all putative DNA�(amino)methyltransferas�

es found are encoded in nuclear DNA. In mitochondrial

genomes including a few fully sequenced higher plant

mtDNAs the nucleotide sequences significantly homolo�

gous to genes of prokaryotic DNA�(amino)methyltrans�

ferases were not found. Thus, ORFs homologous to bac�

terial adenine DNA�methyltransferases are present in

nuclei of protozoa, yeasts, insects, nematodes, higher

plants, vertebrates, and other eukaryotes [100]. A special

search for corresponding proteins and, in particular, ade�

nine DNA�methyltransferases in these evolutionarily dis�

tant organisms and a study of their functions are quite

perspective.

We now have in our hands only one of these eukary�

otic enzymes that modifies DNA on adenine residues.

Being engaged in the study of apoptosis in plants, we first

detected, isolated, and characterized the subcellular

structures (vesicles) specific for apoptotic plant cells [99].

We were fortunate to isolate this enzyme exactly from

these vesicles. The enzyme (wadmtase) methylates an

internal adenine residue in the TGATCA sequence pre�

dominantly in a single�stranded DNA and seems to take

part in regulation of mitochondrial DNA replication

[101]. Unfortunately, up to now we do not know whether

this enzyme modifies adenine residues in nuclear DNA as

well or nuclear DNA is methylated by another adenine

DNA�methyltransferase.

Anyhow, there is the impression that DNA methyla�

tion in plants is richer and more complex than in animals.

Plants possess a larger set of DNA�methyltransferases,

some of which are unique for these organisms and have a

ubiquitin�binding domain [29, 30]. Unlike in animals,

knockout of enzyme homologous to animal dmt1 is not

lethal for plants and it seems to be compensated by other

DNA�methyltransferases in plant cells. As one and the

same plant gene can be methylated on both adenine and

cytosine residues [102], a mutual control system for both

of these genome modifications should exist in plants. It

seems that adenine DNA methylation can influence cyto�

sine DNA methylation and vice versa. For example, in

Arabidopsis plants the methylation of adenine residues in

GATC sites of cytosine DNA�methyltransferase gene

DRM2 well pronounced in wild�type plants was strongly

decreased in transgenic plants with expressed antisense

construct of cytosine DNA�methyltransferase gene

MET1 [102].

Unfortunately, the functional role of adenine DNA

methylation in higher eukaryotes is still practically

unknown. We suggest that, like cytosine methylation, it

may control DNA replication and gene expression in

eukaryotes. Besides, the control for adenine DNA methy�

lation by cytokinins (N6�derivatives of adenine) as a result

of their incorporation into DNA may be a mechanism of

regulation of gene expression and cellular differentiation

in plants (Fig. 4) [72]. In fact, it was recently established

that the cytokinin 6�benzylaminopurine inhibits DNA

methylation in sycamore plastid culture and induces there

an expression of enzymes servicing photosynthesis [103].

We have evidence that phytohormone cytokinins (natural

adenine derivatives) can be directly incorporated in DNA

in plants [104] and the protist Tetrahymena pyriformis

[105], organisms that have been shown to have N6�

methyladenine in DNA or adenine DNA methylation

enzymes. Natural incorporation of cytokinins substitut�

ing for adenine residues into sites recognized by adenine

Fig. 4. Possible mechanism of formation of unmethylated adenine

sites due to cytokinin (CK) incorporation in DNA [72].
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DNA�methyltransferases should prohibit adenine methy�

lation in these particular sites. Thus, adenine under�

methylated DNA may occur and this may result in a sig�

nificant change in gene transcription and DNA replica�

tion.

DNA methylation and other epigenetic signals. In

fact, the origin and materialization of a new science, epi�

genetics, are mainly due to observation and description of

the exclusive role of DNA methylation in the life of vari�

ous organisms. It is usually understood that epigenetics is

the knowledge of total organism properties that are not

encoded directly in the genome but they can and by defi�

nition should be hereditarily transmitted. Often epigenet�

ics is even considered as an entire program of organism

development. It should not be forgotten that organisms

have many powerful regulatory elements in genomes or

even entire cell regulatory systems that control gene

expression depending on various abiotic factors and bio�

sphere signals. These signals collide with genetics and

they very often answer the crucial question—to be or not

to be? In fact, even excellent genetics cannot be realized

if epigenetics is wrong. According to Medawar’s known

expression, the “genetics proposes but epigenetics dispos�

es”. For a long period epigenetics was not recognized,

and very often it was modestly or even advisedly passed

over in silence. Now it has become clear that one of the

real epigenetic signals is an enzymatic modification

(methylation) of the genetic template.

The way to decipher the nature and specificity and to

understand the biological role of this enzymatic DNA

modification (methylation) was very uneasy and we are

glad to realize that our small landmarks on this hard way

are also visible. I would like to stress that this research was

started under the late Academician A. N. Belozersky and

it is always associated with the name and memories of this

open�hearted person and outstanding scientist who dis�

covered DNA in plants and founded the nucleic acid

school in Russia.

There are many other different epigenetic signals in

a cell. Chromatin proteins rather than DNA are most sig�

nificant in the realization of some of these particular sig�

nals. Today we can already speak of “histone code” [106].

This code enlarges the potential of the DNA genetic

code. The chromatin structure changes due to various

histone modifications, and this may lead to inheritable

changes in gene transcription. The proper histone modi�

fications ((de)methylation, (de)acetylation, (de)phos�

phorylation, and others) often predetermine gene activi�

ty. There are also very many special nonhistone regulato�

ry proteins forming intricate DNA–protein complexes

that trigger transcription or make genes silent. We are now

on the doorstep to understanding these peculiarly com�

plicated events.

There are many data showing that DNA methylation

and histone modifications are closely connected. In

Neurospora, the methylation of lysine 9 in H3 histone is

critical for cytosine DNA methylation and normal devel�

opment of the fungus [107]. In other words, histones can

be the signal transmitters for genome methylation. On the

other hand, in Arabidopsis plants CpG DNA methylation

precedes and directs lysine 9 methylation in H3 histone

[108]. In plants and animals, DNA methylation is associ�

ated with histone deacetylation [109�112]. For instance,

the histone deacetylase gene is essential for small RNA

(dsRNA)�directed DNA methylation [112, 113]. Indeed,

“methylation meets acetylation” [114].

RNA�directed DNA methylation. Investigation of

mechanisms and of biological role of RNA�directed

DNA methylation (involved in specific gene silencing) is

of special interest. In the presence of small signaling RNA

the site�specific cytosine DNA�methyltransferases

methylate de novo CG and other sites in DNA sequences

recognized by small RNA; this methylation mobilizes

respective enzymes that modify histones [115]. Histone

modification in its own turn leads to induction and inten�

sification of methylation in CNG sites that is maintained

then without any RNA�trigger. In this chain of events the

DNA methylation can be a cause or a consequence of

gene silencing [115]. It is not surprising that significant

progress in the study of the RNA�directed gene methyla�

tion was achieved due to investigation of DNA methyla�

tion in plants rather than animals. Perhaps this is due to

the fact that particularly in plants the methylation of

CNG and nonsymmetrical sites in DNA is well expressed

[20], and these methylation types are mainly involved in

RNA�directed genome methylation.

Thus, enzymatic DNA methylation is a constituent

element of complex epigenetic control for practically all

genetic functions of the cell. Speaking of this genome

modification we have to realize that, in fact, we are deal�

ing with at least three components of this complicated

reaction or even system: they are the reaction substrate or

DNA itself, the enzyme (DNA�methyltransferase), and

the donor of methyl groups (S�adenosyl�L�methionine).

It is clear that control for DNA modification and its

effectiveness in the cell is performed at the level of each

and all of these components and in addition other various

representatives of cell metabolism may be also involved in

control. Very often, even when the enzyme is active and

the amount of S�adenosyl�L�methionine is sufficient, the

reaction in a nucleus is impossible due to inaccessibility

of DNA in a peculiar flexible chromatin structure. In this

particular case, the structure of chromatin is most impor�

tant for a reaction. In addition to many histone modifica�

tions modulating chromatin organization and DNA

availability to enzymes, many other proteins can effec�

tively compete with DNA�methyltransferases for DNA

binding. In particular, various hormone–receptor com�

plexes seem to perform this business. This could explain,

at least in part, the mechanism of regulation of DNA

methylation by hormones in plants and animals observed
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and the action of hormones in the cell. Anyway, further

progress in the study of genome methylation in eukary�

otes depends now mainly on research in the detail of fine

chromatin structure and its various functional modula�

tions in the nucleus.

In conclusion, I would like to thank cordially all my

coworkers, numerous graduate and postgraduate stu�

dents, who performed with me fruitful research in one of

the most fascinating areas of modern molecular biology,

as well as all colleagues and friends who shared with us

here their knowledge and views on DNA methylation on

the pages of this specialized issue of Biochemistry

(Moscow). I am very sorry that the list of contributors to

the field is quite far from complete, and I make my apolo�

gies to all of them whose work was not described or men�

tioned in this short review.
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