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Abstract.

DNA methylation is an epigenetic mechanism involved in many biological functions in
prokaryotes and eukaryotes. Contrary to mammalian DNA, which is thought to contain only
5-methylcytosine (m5C), bacterial DNA contains two additional methylated bases, namely
N6-methyladenine (m6A), and a more recently discovered minor base N4-methylcytosine
(m4C). These modified bases are involved in the protection of bacterial DNA from the action
of specific endonucleases via the host-specific restriction-modification system which is
regarded as a defense mechanism against bacteriophage infection. However, if the main
function of m5C and m4C in bacteria is the protection against restriction enzymes, the roles of
mo6A are multiple and include for example the regulation of virulence and the control of many
bacterial DNA functions such as the replication, repair, expression and transposition of DNA.
Hence, in regard to the multiple roles of m6A in bacteria, and to the well known tendency for

m5C to deaminate in thymine, the selection of the mutagenic m5C instead of m6A in



mammals as the only methylated base may seem surprising. However, even if adenine
methylation is usually considered as a bacterial DNA feature, the presence of m6A is not
restricted to prokaryotic DNA since this methylated base has been found in protist and plant
DNAs. Furthermore, indirect evidence suggests the presence of m6A in mammal DNA,
raising the possibility that this base has remained undetected due to the low sensitivity of the
analytical methods used. This points to the importance to consider m6A as the sixth element

of DNA.
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I. Introduction.

Although four bases are required for DNA synthesis, DNA contains several additional
methylated bases, namely 5-methylcytosine, N6-methyladenine, N4-methylcytosine, which
result from the post-replicative modification of DNA by DNA methylases (1-3). However, if
the most popular modified base is 5-methylcytosine (m5C), recent data point to the biological
importance of N6-methyladenine (m6A) as the other methylated base. Thus, adenine
methylation is essential for the viability of several bacteria (4-9). Moreover, accumulating
evidence suggests that the presence of m6A is not limited to eubacterial DNA but also occurs
in at least some archaeabacteria and eukaryotic cells where its role remains largely unknown
(Fig. 1) (10-14) . This review focuses on m6A as the sixth base of DNA and aims to be a
source of information and inspiration for the development of new ideas and hypotheses on the

possible functions of m6A in eukaryotic cells.

I1. DNA adenine methylation in prokaryotes.

In bacterial DNA the function of adenine methylation has historically been associated with the
protection of DNA from the action of specific endonucleases via the host-specific
restriction/modification system. In this system, which is regarded as a defense mechanism
against bacteriophage infection (15,16), cytosine and adenine methylation of bacterial DNA
protects it from the action of the corresponding restriction endonuclease, whereas
unmethylated sites of foreign DNA such as bacteriophage DNA are cleaved (Fig. 2A).
Interestingly, DNA adenine methyltransferases can also be encoded by viral DNA as has been
shown for bacteriophages T4, Mx8 (17, 18) and for the archeal viruses ¢0.Chl and SNDV
(19, 20). In addition to these DNA adenine methyltransferases related to the

restriction/modification system, there are at least two DNA adenine methyltransferases which



lack a cognate restriction enzyme. These DNA methylases named Dam and CcrM, methylate
GATC and GANTC sequences respectively. They differ in their distribution since Dam
methylation is found primarily in the members of the gamma division of Protobacteria and in
some Archeabacteria (21), whereas CcrM is relatively widespread in the eubacteria alpha
division (22, 23). In E. coli, Dam is involved in the replication, mismatch repair and
transposition of DNA (Fig. 2B) (24, 25), and in the control of gene expression (26). Hence,
Dam mutant are characterized by a pleiotropic phenotype including for example enhanced
sensitivity to DNA-damaging agents, higher mutability and increased recombination
frequency. However, E. coli lacking Dam activity are viable, but dam is an essential gene in
Vibrio cholerae and Yersinia pseudotubercolosis (5). The other known DNA adenine
methyltransferase lacking a corresponding restriction endonuclease is CcrM. CcrM is a DNA
methyltransferase originally described in Caulobacter cresecentus as a “cell cycle-regulated
methyltransferase” (26). It is essential for viability in Caulobacter crescentus, Rhizobium
meliloti, Agrobacterium tumefaciens, Brucella abortus (4, 7, 8). Like Dam, CcrM regulates
gene expression (6), and control the initiation of DNA replication (23, 28). In addition to their
multiple functions which have led Dam and CcrM to be considered as “cell cycle regulators”
(23), these DNA adenine methyltransferases are also involved in bacterial pathogenicity as
they control virulence gene expression and secretion of virulence determinants (Fig. 2C) (5,
29-32). These points are of particular interest since they suggest that DNA adenine

methylation could be a new target for antibiotics (33, 34).

ITI. DNA adenine methylation in eukaryotes.

MG6A in protist DNA.

It has long been known that m6A is present in DNA from several unicellular eukaryotes,

including members of the genera Chlamydomonas, Chlorella, Oxytricha, Paramecium,



Tetrahymena (Fig. 2) (14, 35-41). Moreover, genes encoding both restriction endonucleases
and their cognate adenine DNA methyltransferases have been found in Chlorella viruses,
suggesting a role for adenine methylation during viral infection (42, 43). A main feature of
ciliate protozoans such as Paramecia and Tetrhaymena, is the presence in the same cell of two
nuclei, a diploid germ line micronucleus and a polyploid somatic macronucleus whose
transcription supports cell growth, differentiation and proliferation (41). Interestingly, mo6A is
detected in macronucleus DNA only. Unfortunately, the exact functions of this adenine
methylation are far less understood in protist than in bacteria. Studies performed on
Tetrahymena have demonstrated that de novo adenine methylation of DNA is not random, but
occurs according to a specific pattern and preferentially in linker DNA (38, 40, 44). Morever,
it has been reported that in Physarum flavicomumrecent, cyst DNA but not growing cell
DNA contains m6A (45), whilst recent data suggest that in Paramecium, adenine methylation
could be involved in the excision of internal eliminated sequences (IESs) (46).

MG6A in plant and animal DNA

The general assumption that m6A is not found in the DNA of higher eukaryotes originates
from experiments performed more than thirty years ago which had a detection limit around
0.1% - 0.01% (47-49) and which detected m5C as the only methylated base. This selection of
m5C instead of m6A to control crucial regulatory biological processes such as genomic
imprinting, X-chromosome inactivation, gene expression and embryonic development may
seem surprising if we consider the multiple roles of m6A in bacteria, and the well known
tendency for m5C to deaminate in thymine (50). A possible explanation lies in the fact that
most of the m5C in mammalian DNA is found in transposons (51), a finding that has led to
the suggestion that the presence of m5C in mammalian DNA could provide a host defense
mechanism against parasitic DNA through the repressive effects of m5C on gene expression

and through the accumulation of mutations resulting from the spontaneous deamination of



m5C in thymine (52). Hence, the large amount of transposons (>45%) found in human DNA
could account for the relative abundance of mS5C which could have masked, by its
overrepresentation, the presence of small amounts of m6A. In this respect it is noteworthy that
experiments designed to determine the base composition of mammalian DNA were, in
addition to their low sensitivity, performed on a limited number of tissue or cell samples.
Consequently the occurrence of m6A during development, programmed cell death, aging or in
pathologic conditions such as proliferative, degenerative or infectious diseases has not been
extensively investigated. Furthermore, and in spite of common opinion, several data have
reported the presence of m6A in the DNA of higher eukaryotes. Thus, m6A has been detected
in plastid, mitochondrial and nuclear plant DNA (10, 13, 53-55), and in mosquito DNA (56).
Regarding the presence of m6A in mammalian DNA, indirect evidence obtained using
restriction enzymes sensitive to adenine methylation suggests the presence of m6A in the
mouse Myo-D1 gene and in the rat type 2 steroid Sa-reductase gene (11, 12). In the case of
the rat type 2 steroid So-reductase gene, the restriction pattern is correlated to its expression
(11). Unfortunately, direct evidence for the presence of m6A in mammals, based on its
physical detection by mass spectrometry, is still lacking. Indeed, it seems that the relative high
abundance of 5SmC in mammalian DNA has focused attention on the role of m5C to the
detriment of the m6A quest. In this regard, it should be pointed out that at an overall content
of <0.001% m6A can be biologically significant if it occurs, for example, in a regulated
fashion on specific mammalian gene regulatory elements (Fig. 2D). Hence, according to the
size of the human genome (3.3 x10° bp) and to the number of genes (~30 x 10%), the presence
of a few hundred m6A can be sufficient to play a crucial role in the control of biological
processes such as cell differentiation or morphogenesis. Interestingly, evidence suggests that
moOA does affect the regulation of gene expression in mammalian cells. Thus, in mammalian

cells, the artificial presence of m6A can affect the binding of a nuclear factor to its responsive



element (57), decrease the activity of adenoviral E1A promoter (58), or generate a steroid
hormone response element (59). Incidentally, this point may be of special concern since all
the plasmids currently used in transient gene expression experiments are subjected to adenine
methylation as a consequence of the bacterial Dam and CcrM activities of E. coli (60, 61). In
addition, several reports have also demonstrated the influence of m6A on the activity of plant
gene promoters (62-64), while addition of m6A to mammalian cell cultures induces cell

differentiation in several cell lines (65, 66).

I1I. Perspective and concluding remarks.

The fact that the essential roles played by DNA adenine methyltransferases in bacterial
viability and virulence have been recognized only recently underscores the importance to
investigate the presence and biological functions of adenine methylation in eukaryotic DNA.
Thus, a precise knowledge of the adenine methylation status in human DNA is of crucial
concern for the development of new antibiotics targeting bacterial DNA adenine
methyltransferases. Moreover, the possibility that DNA adenine methylation could occur
during the life-cycle of some parasites and virus should also be reconsidered, since, for
example, the reported lack of m6A in the DNA of Plasmodium falciparum or adenovirus has
been based on the use of low sensitive methods (67, 68). In this regard, if we speculate that
one of the functions of adenine methylation in eukaryotic cells is a defense mechanism which
marks foreign DNA in order to ensure its degradation, then, preparations of viral DNA used to
quantify the presence of m6A are inevitably made of molecules which have escaped this
methylation/degradation process and which are therefore described as unmethylated. Another
possible function of adenine methylation could be to mark the immortal DNA strand
suggested to be present in adult stem cells that divide by asymmetric mitosis (69-71). Thus, if

we consider that the object of the immortal DNA strand is to protect the genome of stem cells



from mutations, then m6A is a conceivable alternative to the use of the mutagenic m5C (50).
Hence, the presence of m6A in a very rare population of cells could provide another
explanation of the difficulty in detecting m6A in mammals. A prerequisite to the “natural”
methylation of adenine in mammalian DNA is the existence of at least one adenine-N°-DNA
methyltransferase gene in mammalian genomes. In contrast, to cytosine DNA
methyltransferases, which belong to a family of conserved enzymes, bacterial adenine-N°
methyltransferase are much more heterogeneous. Besides a weakly conserved F_G_G amino
acid motif shared by all Mtases, DNA adenine-methyltransferases only contain one
moderately conserved (D/N)PP(Y/F) motif (72). On the basis of computer analysis several
putative DNA adenine methyltransferases have been identified in human and murine genomes
(66, 73). Whether these genes encode true DNA adenine methylases or are the fossils of a
restriction-modification system present either in the putative archea-like ancestor of
eukaryotic cells or ancestral bacterial endosymbiont at the origin of mitochondria should

warrant further investigations.
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Fig. 1. Schematic representation of the phylogenetic distribution of m6A in DNA.
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Fig.2. Some established and putative functions of m6A in DNA.
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Alteration in the levels of DNA adenine methylation attenuates the virulence of a
number of pathogens. D) Speculative representation of the biological functions of

putative eucaryotic N-6 adenine-specific DNA methylase(s).
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