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ABSTRACT: Recognition of a specific DNA sequence by a protein is probably the best
example of macromolecular interactions leading to various events. It is a prerequisite to
understanding the basis of protein-DNA interactions to obtain a better insight into funda-
mental processes such as transcription, replication, repair, and recombination. DNA
methyltransferases with varying sequence specificities provide an excellent model system
for understanding the molecular mechanism of specific DNA recognition. Sequence com-
parison of cloned genes, along with mutational analyses and recent crystallographic studies,
have clearly defined the functions of various conserved motifs. These enzymes access their
target base in an elegant manner by flipping it out of the DNA double helix. The drastic
protein-induced DNA distortion, first reported for Hhal DNA methyltransferase, appears to
be a common mechanism employed by various proteins that need to act on bases. A
remarkable feature of the catalytic mechanism of DNA (cytosine-5) methyltransferases is
the ability of these enzymes to induce deamination of the target cytosine in the absence of
S-adenosyl-L-methionine or its analogs. The enzyme-catalyzed deamination reaction is
postulated to be the major cause of mutational hotspots at CpG islands responsible for
various human genetic disorders. Methylation of adenine residues in Escherichia coli is
known to regulate various processes such as transcription, replication, repair, recombina-
tion, transposition, and phage packaging.

KEY WORDS: DNA-protein interactions, DNA methyltransferase, sequence comparison,
base flipping, catalytic mechanism

I. INTRODUCTION plants, and mammals. The C5 or N4 posi-
tion of cytosines and N6 position of adenines

are the natural modification sites (Ander-

Enzymatic transfer of a methyl group
from S-adenosyl-L-methionine (AdoMet) to
certain nucleotides in DNA is the most com-
mon form of biological DNA modification.
The modification of DNA by methylation
occurs in organisms as diverse as bacteria,
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son, 1993). Methylation at the C5 position
of cytosines is the only methylation reported
in higher eukaryotes (Adams, 1990) and is
involved in many regulatory processes
(Martienssen and Richards, 1995). Methy-
lation of cytosine and adenine residues in
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prokaryotes is primarily involved in restric-
tion-modification (R-M) systems that serve
as immune responses to phage infection
(Wilson and Murray, 1991). Adenine me-
thylation in prokaryotes is also involved in
regulating the initiation of DNA replication
(Boye and Lobner-Olesen, 1990; Campbell
and Kleckner, 1990; Slater et al., 1995) and

in targeting the correction of errors in DNA -

replication (Modrich, 1989). R-M systems
have served as an excellent model system
for studying the structural aspects of pro-
tein-DNA interactions. Based on the type of
methylation catalyzed and amino acid se-
quences, DNA methyltransferases (MTases,
or M) can be divided into those that methy-
late the endocyclic carbon-5 of cyto-
sines (m5C-MTases or DNA (cytosine-5
methyltransferase) and those that methylate
the exocyclic amino group of adenines and
cytosines (m4C- and m6A-MTases or DNA
(cytosine-N4) MTases and DNA (adenine-
N6) MTases, respectively]). While m5C-
MTases have been characterized to a large
extent, very little information is available
regarding the other two classes of MTases.
Several excellent review articles have ap-
peared in recent times, but they addressed
special aspects of DNA MTases or DNA
methylation (Smith, 1994; Bestor and
Verdine, 1994; Roberts, 1995; Cheng, 1995).
In addition, the outburst of information in
the area demanded a collective revision of
the subject. In this article, we have tried to
present a brief and updated account of DNA
MTases.

Il. DNA RECOGNITION

Sequence-specific recognition of DNA
by proteins plays a major role in regulating
many processes. Interaction of classical
DNA-binding proteins such as transcription
factors and repressors has been investigated
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in great detail and two motifs, helix-turn-
helix and zinc finger, have been documented
to mediate tight DNA binding (Harrison,
1991). These classical DNA-binding pro-
teins need to bind to specific DNA sequences
tightly and facilitate the assembly of other
factors. In contrast, proteins with enzymatic
activities bind to a specific DNA sequence,
catalyze the reaction, and dissociate from
DNA. Such proteins bind to DNA with
moderate affinity, and this would suggest
the difference in the mode of DNA recogni-
tion by these two diverse group of DNA-
binding proteins (Dubey and Roberts, 1992).

DNA MTases with varying sequence
specificities provide an excellent model
system for investigating the molecular
mechanisms of sequence-specific DNA
binding. Most DNA MTases have been re-
ported to bind to their cognate DNA se-
quence more strongly compared with
noncognate sequences in the presence of
AdoMet or its analogs (Bergerat and
Guschlbauer, 1990; Dubey and Roberts,
1992; Reich et al., 1992; Powell et al., 1993;
Szczelkun and Connolly, 1995). However,
M.EcoR124I binds to its cognate sequence
at least 50-fold more strongly compared with
noncognate sites even in the absence of any
cofactor (Taylor et al., 1992). We found
that M.EcoP15I bound to its cognate site
approximately threefold more tightly com-
pared with noncognate sites in the presence
of sinefungin. Interestingly, in the presence
of ATP, M.EcoP15I exhibited a significant
level of sequence selectivity (Ahmad and
Rao, 1994b).

Studies so far have suggested that DNA
MTases bind to their target sequence in an
asymmetric fashion. In order to define the
binding-site size for M.Mspl by DNasel
footprinting, Dubey and Roberts (1992)
observed an asymmetric mode of DNA rec-
ognition. An extensive footprinting study
by Szczelkun et al. (1995) suggested that
M.EcoRV binds to its target site via the
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major groove and in an asymmetric fashion.
We have made similar observations with
M.EcoP15]1 (Ahmad and Rao, 1996). The
asymmetry in DNA recognition by DNA
MTases is not surprising, as the natural sub-
strate for these enzymes is a hemimethylated
DNA and thus asymmetric in nature. This
could be one reason why most of the DNA
MTases characterized so far recognize DNA
as a monomer. In contrast, M.EcoP151 ex-
ists as a dimer in solution, possibly due to
the nature of its target site, which is
unmethylated DNA (Ahmad et al., 1995). A
few other reports in the literature describe
the dimeric nature of M.DpnA and M.Rsrl
(de la Campa et al., 1987; Kaszubska et al.,
1992).

A remarkable feature of the MTase-
DNA complex is flipping out of the target
base from the DNA double helix (Figure 1).
The phenomenon of base flipping has been
directly demonstrated in at least two m5C-
MTases, M.Hhal and M.Haelll, and one
DNA repair enzyme (Klimasauskas et al.,
1994; Reinisch et al., 1995; Vassylyev et
al., 1995). The target-base flipping could be
a widespread phenomenon and may not be
restricted to one particular class of enzymes.
Indeed, model-building studies have sug-
gested that m6A-MTases as well as DNA
repair enzymes might also flip out the base
to catalyze the reaction (Labahn et al., 1994;
Dryden et al., 1995; Roberts, 1995). The
binding of M.EcoP15I to its cognate site
(CAGCAQG) resulted in hypermethylation
of the second guanine, which is adjacent to
the target adenine. We proposed that the
hypermethylation of the second guanine
could be due to target-base flipping (Ahmad
and Rao, 1996). It may not be premature to
generalize that most DNA MTases bind to

their cognate site in a sequence-specific -

manner in the presence of AdoMet or its
analogs and flip the target base out of the
DNA double helix to catalyze the base
methylation.

lil. DNA (CYTOSINE-5)
METHYLTRANSFERASES

m5C-MTases are a class of enzymes
that catalyze the transfer of a methyl group
to position 5 of cytosine in DNA. From an
evolutionary point, m5C-MTases appear to
be unique and can be found in eukaryotes
and prokaryotes. They share a set of well-
conserved sequence motifs that simplify their
identification from primary sequence data
and serve as a natural target for functional
studies. These enzymes have been well char-
acterized, and their functional significance
is reasonably well understood.

A. Primary Structure

More than 50 genes of mSC-MTases
have been cloned and sequenced from vari-
ous sources. Sequence comparisons among
the members of this group have revealed ten
well-conserved blocks of amino acids (Posfai
et al., 1989; Lauster et al., 1989; Kumar et
al., 1994). This reflects a common architec-
ture and reaction mechanism for these en-
zymes. Of the ten conserved motifs, motif I
(FxGxGQ) or a close relative has been iden-
tified in all the AdoMet-dependent methyl-
transferases. Mutational analysis showed that
replacement of glycine residues by other
amino acids in the Bacillus subtilis phage
SPR MTase destroyed the general methyla-
tion capacity and therefore was postulated
to be involved in AdoMet binding (Wilke et
al., 1988). This was confirmed from the
crystal structure of M.Hhal and M.Tagl (an
adenine MTase) (Cheng et al., 1993;
Klimasauskas et al., 1994; Labahn et al.,
1994). Motif IV possesses an invariant Pro-
Cys dipeptide that is known to be involved
in methyl group transfer (Wyszynski et al.,
1993; Mi and Roberts, 1993; Chen et al.,
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1993). The region between motif VIII and
motif IX was found to be highly diverse and
was termed a variable region. The variable
region was shown to be involved in target
DNA recognition (Balganesh et al., 1987,
Klimasauskas et al., 1991). Hybrid swap
experiments in these MTases established
that both the variable region and the choice
of the base to be methylated within the tar-
get sequence determined the sequence-speci-
ficity (Klimasauskas et al., 1991; Mi and
Roberts, 1992). In M.Agul, an unusually
large variable region was shown to be partly
dispensable. Deletion of 30% of the vari-
able region did not affect enzyme activity or
target selectivity (Zhang et al., 1993). A
detailed analysis of the variable region of
multispecific m5C-MTases defined the
amino acid residues involved in specific
DNA recognition (Trautner et al., 1996).
Hybrid swap experiments demonstrated that
the amino terminal part of the variable re-
gion was essential for binding to the 5" re-
gion of the recognition sequence (Lange et
al., 1996). The situation here is similar to
type I DNA MTases, where the two vari-
able regions are interrupted by a linker se-
quence in protein required to recognize a
bipartite sequence (Nagaraja et al., 1985).
While characterizing the variable region of
multispecific m5C-MTase M.BssHII,
Schumann et al. (1996) assigned one of the
target-recognizing domains to the enzyme
core instead of the variable region.

B. Reaction Mechanism

Wu and Santi (1985) proposed that the
catalytic mechanism of m5C-MTases could
be analogous to the mechanism of thy-
midylate synthase. The methyl group trans-
fer from AdoMet to the C5 position of the
target cytosine in the cognate sequence by
these enzymes involves a covalent interme-
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diate between the C6 position of the target
cytosine and the catalytic thiol group of the
protein. The reaction is initiated by nucleo-
philic attack at the C6 position of the target
cytosine by the free thiol group of the cata-
lytic cysteine of motif I'V. This results in the
formation of a covalent Michael adduct. In
this intermediate, the CS5 position of the
target cytosine becomes sufficiently nucleo-
philic to accept a methyl group from
AdoMet. A proton is eliminated from the
C5 position, and a conjugate elimination
step releases the product. Under experimen-
tal conditions, enzyme-catalyzed reactions
are so fast that it is difficult to observe these
intermediate structures. To demonstrate that
the mechanism proposed was valid, Santi
and colleagues synthesized a cytosine ana-
log, 5-fluoro-2-deoxycytidine (FdC), and
incorporated it into DNA at the target cy-
tosine position. Once the methyl group is
transferred to this substrate, abstraction of
F* is not possible, resulting in a stable cova-
lent adduct formation. The mechanism-based
inhibitor FAC inhibits the B-elimination step,
and hence the covalent intermediate can be
trapped in the reaction. Using DNA con-
taining this analog, intermediates formed
by several bacterial enzymes have been
trapped (Osterman et al., 1988; Friedman
and Ansari, 1992; Smith et al., 1992; Hanck
et al., 1993). Earlier, it was argued that this
mechanism could only be attained at the
expense of substantial distortion in DNA
structure. This was because the required
trajectory for attack of the thiolate on the
C6 position was blocked by the DNA back-
bone and the path for methyl group deliv-
ery at the C5 position was blocked by the
neighboring DNA bases (Chen et al., 1991).
It was later argued that protonation of the
N3 position of the cytosine by an enzyme-
derived acid would require strand separa-
tion. Verdine and colleagues synthesized a
DNA substrate where both strands were
cross-linked by a disulfide bond. When
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this substrate was used, M.Haelll catalyzed
the methyl group transfer (Erlanson et al.,
1993).

The cysteine residue of motif IV (PCQ)
has been shown to be involved in covalent
complex formation. This has been directly
demonstrated by isolating and sequencing
the modified peptide (Chen et al., 1991;
Friedman and Ansari, 1992). Mutation of
this cysteine in many MTases abolishes the
enzyme activity without affecting DNA rec-
ognition and cofactor binding (Wilke et al.,
1988; Wyszynski et al., 1993; Mi and Rob-
erts, 1993). Replacement of the catalytic
cysteine with a serine in M.EcoRII resulted
in a partially active enzyme with catalytic
efficiency 10,000-fold less than the wild-
type enzyme (Gabbara et al., 1995), sug-
gesting that serine could also act as a nu-
cleophile. It was postulated that a histidine
residue activates the serine residue in the
mutant enzyme and possibly the catalytic
cysteine in the wild-type enzyme.

All studies so far clearly suggest that for
type I DNA MTases, a single polypeptide
is essential and sufficient to catalyze the
reaction. However, a complexity was added
to this myth when two peptides were iden-
tified to be essential for transfer of a
methyl group in the case of M.Aqul and
M.EcoHK31I (Karreman and Waard, 1990;
Lee et al., 1995, 1996). Functional M.Aqul
is composed of two polypeptides wherein
the larger polypeptide consists of motif I-
VIII, but motif IX and X are present in the
smaller polypeptide. It is logical to assume
that the target recognition domain (between
motifs VIII and IX) would be formed once
the two polypeptides associate together. This
situation is analogous to the binding of DNA
between two domains, as revealed by the
crystal structures of M.Hhal and M.Haelll
(Klimasauskas et al., 1994; Reinisch et al.,
1995). In M.EcoHK311, apart from motif
IX, which is contributed by a smaller
polypeptide, the other nine conserved mo-

tifs are present in the larger polypeptide
(Lee et al., 1995).

C. Three-Dimensional Structure

M.Hhal from Haemophilus haemo-
Iyticus and M.Haelll from H. aegyptius are
the only m5C-MTases for which three-di-
mensional structures have been solved. The
structure of M.Hhal was solved in a binary
complex with AdoMet at 2.5 A resolution
and in a covalent ternary complex at 2.8 A
resolution (Cheng et al., 1993; Klimasauskas
et al., 1994). The crystal structure of a bi-
nary complex of M.Hhal with AdoMet re-
vealed the relationship between the tertiary
structure and the ten highly conserved se-
quence motifs. The structure does not show
any recognizable DNA-binding motifs. The
molecule is folded into two domains: a large
catalytic domain containing the catalytic and
cofactor-binding sites and a small DNA rec-
ognition domain implicated in sequence-
specific DNA recognition. Residues from
all five of the amino-terminal motifs (I-V)
and C-terminal motif X contribute to the
AdoMet-binding pocket. Motif I (FxGxG)
forms a tight loop in the first turn of a B1-
0A-PB2 structural unit. The conserved gly-
cine residues appear important in allowing
a tight turn to form in the structure. The
conserved phenylalanine interacts with the
adenosyl moiety of the cofactor. The com-
bined region of motifs I to III around the
AdoMet-binding pocket bears a strong re-
semblance to the Rossmann fold of the
NAD-binding motif. The structure of the
ternary complex revealed that the DNA sub-
strate is bound in a cleft formed by the two
domains of the protein (Klimasauskas et al.,
1994). One of the most interesting observa-
tions made from this structure was that the
target cytosine flipped out of the DNA
double helix by 180° into the pocket of the
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enzyme (Figure 1), where the chemistry of
methylation takes place. As mentioned ear-
lier, the stereochemistry of the methylation
reaction dictates the spatial relationship
between the reacting groups. In a normal B
DNA, the C5 of the target cytosine is too
deeply buried in the helix to allow this reac-
tion to proceed, and it was therefore argued
that distortion of the helix was necessary.
The distortion that occurs in m5C-MTases
is the flipping of the target cytosine out of
the helix and into the catalytic site, without
severely distorting the rest of the DNA he-
lix. Two major changes take place upon
DNA binding: the complete disruption of
the target base-pair and a conformational
change in the active-site loop. Glutamine
237 of M.Hhal occupies the gap left by the
target cytosine after it has flipped out of the
helix and makes contact with the orphan
guanine through hydrogen bonds. Subse-
quent closing of the active-site loop on the

target brings an additional residue (Ser 87)
into the DNA helix to stabilize the confor-
mation of the glutamine loop. The two loops
restore the structure in the DNA. The
glutamine residue is critical for protein-
DNA complex stabilization but not for the
methyl group transfer, as revealed by muta-
tional analysis (Mi et al., 1995). The new
position of the active-site loop is maintained
by covalent bond formation between Cys
81 and the C6 atom of the target cytosine
(Klimasauskas et al., 1994),

The crystal structure of M. Haelll, bound
covalently to its cognate DNA site (GGCC),
is very similar to the structure of M.Hhal in
many respects (Reinisch et al., 1995). In
addition to target-base flipping, the DNA
double helix undergoes further rearrange-
ment, resulting in the loss of the character-
istic B form of DNA (Figure 1). The gua-
nine opposite the target cytosine base pairs
with the last cytosine in the cognate

7
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M.Hhal M.Haelll T4 endonuciease Y

FIGURE 1. Isolated DNA structures from complexes of M.Hhal, M.Hasill, or T4 endo V with their
target sites. The schematic diagram highlights only a special feature (i.e., base flipping) and does
not truly represent the DNA structures in complex with the respective enzymes. In the diagram, only
the target sequence is represented.
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sequence, thus making the first guanine an
orphan base. M.Haelll differs from M.Hhal
in that the former promotes both the cy-
tosine extrusion and the reorganization of
bases. As a result, the bases are unstacked
and a gap 8 A long opens in the DNA
(Reinisch et al., 1995). One of the remark-
able features of the structure, base flipping
by an enzyme, could occur in other classes
of MTases as well as DNA repair enzymes
(Roberts, 1995). Indeed, the recent crystal-
lographic analysis of the T4 endonuclease
V-DNA complex revealed base flipping by
the enzyme (Figure 1) (Vassylyev et al,,
1995). However, there are interesting dif-
ferences between the structure of the DNA
complexed to m5C-MTases and that to the
repair enzyme. In the case of m5C-MTases,
the target cytosine base flips out of the DNA
double helix into a cavity of the enzyme
where the chemistry of methylation takes
place (Klimasauskas et al., 1994; Reinisch
et al., 1995). Thus, base flipping by MTases
seems to be a specific phenomenon. In con-
trast, base flipping by T4 endonuclease V
seems to be nonspecific, as it is the base
opposite to the target base that flips out into
a cavity of the enzyme. Here, the chemistry
of the reaction does not occur in the cavity
of the enzyme, but in the cavity of the DNA
formed due to base flipping (Vassylyev et
al., 1995). There is strong evidence to sup-
port a base-flipping model in the case of
other DNA repair enzymes such as uracil N-
glycosylase (Mol et al., 1995) and Ada pro-
tein (Moore et al., 1994), but direct visual-
ization is still awaited.

D. Other Reactions Catalyzed by
m5C-MTases

It was earlier proposed by Selker (1990)
that the enzymes that methylate cytosine
could also deaminate it to uracil in the ab-

sence of AdoMet. This suggestion was based
on the similarity of an intermediate in the
bisulfite-catalyzed deamination of cytosine
to a product formed by a side reaction of the
m5C-MTases. Using a combination of ge-
netic and biochemical assays, it was shown
that M.Hpall drastically increased the rate
of target cytosine deamination in the ab-
sence of cofactor (Shen et al., 1992). As
expected, AdoMet inhibited the deamina-
tion reaction. Interestingly, AdoHcy also
inhibited the rate of deamination. The role
of cofactor in the deamination reaction cata-
lyzed by m5C-MTases was further probed
by mutational analysis of motif I in M.Hpall.
The mutant enzymes did not bind the cofac-
tor and exhibited a mutator phenotype. These
results further substantiated the earlier ob-
servation that the binding of cofactor inhib-
its the enzyme-catalyzed deamination reac-
tion (Shen et al.,, 1995). A possible
explanation given was that a water mol-
ecule essential for deamination was excluded
from the enzyme active site in the presence
of either AdoMet or AdoHcy. An alterna-
tive explanation could be that in a binary
MTase-DNA complex, the target cytosine
is more prone to deamination. The binding
of AdoMet or its analogs would lead to a
different conformation in the enzyme that
may not favor the deamination reaction any-
more. Enzyme-catalyzed cytosine deamina-
tion is postulated to be a major cause of
mutational hotspots in the genome (Fig-
ure 2). However, the highly efficient uracil
N-glycosylase would remove any of the
uracil formed. It was therefore argued that
enzyme-catalyzed deamination could not be
a major cause of mutational hotspots at CpG
islands in cells (Wyszynski et al.,, 1994).
Using a set of duplex oligonucleotides con-
taining a mismatch at the target base-pair, it
was shown that M.Hhal and M.Hpall bind
to mismatch oligonucleotides much better
than normal recognition sequences. Further,
both these enzymes bind strongly to U:G
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mismatch, also a product of deamination
of target cytosine, and slowly methylated
the uracil to thymine (Klimasauskas and
Roberts, 1995; Yang et al., 1995). In vivo,
at low AdoMet concentrations, these
MTases would deaminate the target cy-
tosine to uracil and bind to U:G mismatch
strongly, thus preventing the enzymatic
removal of uracil (Figure 2). This would
probably contribute to the hypermutatable
phenotypes at CpG islands. We propose a
model to explain the phenomenon of en-
zyme-catalyzed deamination that agrees
with the available biochemical and genetic
data (Figure 2). It is known that most of the
MTases have evolved as part of R-M sys-
tems. At low AdoMet concentrations, the
target base would not be methylated, mak-
ing it susceptible to corresponding restric-
tion endonucleases. This would lead to
degradation of the host genome and self-
destruction of the host. To avert this sui-
cidal phenomenon, MTases incorporate
mutations in the cognate site by deaminat-
ing the target cytosine. This results in a
C:G to T:A transition, which cannot serve
as a substrate for the corresponding endo-
nuclease (products 2 in Figure 2). All these
activities — deamination of target cytosine,
binding to mismatch DNA, and methyla-
tion of uracil to thymine — are related to
the reaction mechanisms as well as to the
evolution of these enzymes. As suggested
by Roberts (1995), these enzymes might
have evolved from mismatch DNA-bind-
ing proteins.

Another activity exhibited by at least
one of the cytosine MTases, M.SssI, is a
topoisomerase activity in the presence of
Mg?* (Matsuo et al., 1994). Supportive evi-
dence for this activity comes from the se-
quence comparison of M.SssI and several
topoisomerases. The enzyme possesses the
catalytic tyrosine residue essential for the
topoisomerase activity (Matsuo et al.,
1994).

E. Functional Significance

One of the best understood and undis-
puted roles of DNA methylation in prokary-
otes is that of protecting the host DNA
from degradation by the corresponding en-
donucleases (Wilson and Murray, 1991).
ENases (endonucleases) and MTases usu-
ally occur together as a component of R-M
systems. Less frequently they are identi-
fied in a solitary condition that may or may
not be relevant to restriction and modifica-
tion. Some viruses encode MTases of the
same specificity as that of the R-M system
encoded by their host, which helps them to
evade the host. An unaccompanied m5C-
MTase, Dcm, has been identified in Es-
cherichia coli that recognizes and modi-
fies the same DNA sequence as that of
M.EcoRII (Schlagaman et al., 1976). The
enzyme has been shown to function to the
disadvantage of the host by increasing the
mutagenic potential of the target site. Me-
thylation of the target cytosine followed by
spontaneous or enzyme-catalyzed deami-
nation would lead to a T:G mispair that, if
left uncorrected, would alter the genetic
information. However, the host counter-
acts this potentially dangerous act in the
form of a very short patch repair (vsr) gene.
The vsr gene encodes a protein product
that corrects any T:G mismatch created in
the genome (Sohail et al., 1990).

Although the exact function of DNA
methylation in eukaryotic cells is not fully
understood, it has been implicated in the
control of a number of cellular processes,
including transcription, genomic imprint-
ing, developmental regulation, mutagenesis,
transposition, DNA repair, X-inactivation,
and chromatin organization (Boyes and Bird,
1991; Lewis and Bird, 1991; Pfeifer et al.,
1990; Leonhardt et al., 1992). Abnormal
methylation is associated with various hu-
man genetic disorders such as cancer and
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fragile X syndrome (Jones et al., 1992;
Pieretti et al., 1991).

IV. DNA (CYTOSINE-N4)
METHYLTRANSFERASES

These enzymes have been reported only
from prokaryotes and are part of R-M sys-
tems (Wilson, 1992). They modify the tar-
get cytosine to 4-methylcytosine. Only a
few members are known in this group, of
which typical examples are M.Smal and
M.BamHI (Heidman et al., 1989; Brooks et
al., 1991). Although these enzymes methy-
late cytosine residues in their cognate se-
quence, they do not share any sequence
motifs with the m5C-MTases except for
motif 1. It is believed that the motif I in
these enzymes is involved in AdoMet bind-
ing because these enzymes also use AdoMet
as a methyl group donor. These enzymes
harbor a common motif similar to motif [V
of the adenine MTases. Motif IV (SPPY in
m4C- and D/NPPY/F in m6A-MTases) has
been implicated in catalysis because these
enzymes catalyze similar kind of reactions
(Wilson, 1992). These enzymes have been
further classified into two groups based on
the relative positions of motif I and IV.
Enzymes of the a-subclass have motif I
followed by motif IV in the primary amino
acid sequence, whereas B-subclass enzymes
have motif IV followed by motif I (Wilson,
1992).

V. DNA (ADENINE-N6)
METHYLTRANSFERASES

m6A-MTases catalyze the transfer of a
methyl group from AdoMet to the N6 posi-
tion of a specific adenine in their cognate
sequence. These enzymes are important
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components of R-M and mismatch repair
systems in prokaryotes (Marinus, 1984).
Although much is known about the bio-
chemistry and biology of DNA adenine
methylation, little is known about the cata-
lytic mechanism of the methylation reac-
tion. A few enzymes from this class have
been well characterized.

A. Primary Structure

Sequence comparisons among the mem-
bers of this group have revealed nine con-
served motifs, of which motif I and motif
IV are highly conserved (Malone et al.,
1995). Analysis of amino acid sequences
reveals that the exocyclic amino MTases
belong to three groups distinguished by dif-
ferences in the linear orders of the con-
served motifs in their primary sequences
(Figure 3) (Wilson, 1992). In the o subclass
of enzymes, the motif I (FxGxG) is fol-
lowed by motif IV (DPPY) in the primary
sequence. Enzymes of the B-subclass have
these motifs in reverse order i.e., motif IV
(DPPY) followed by motif I (FxGSG)
whereas in the y-subclass, motif I (GxG) is
followed by motif IV (NPPY). Between
subclasses and within a class there are cer-
tain variations in amino acid sequences, but
these are mainly conservative changes. The
functional significance of these motifs has
been probed by site-directed mutagenesis.
It was first observed in M.Fokl that the
replacement of an asparagine residue in the
NPPY motif by either glycine or alanine
destroyed catalytic activity (Sugisaki et al.,
1989). Mutation of any of these residues in
three m6A-MTases — T4 Dam MTase,
M.Eco Dam, and M.EcoKI — resulted in
distinct phenotypes (Kossykh et al., 1993;
Guyot et al., 1993; Willcock et al., 1994).
Altering motif IV of T4 Dam MTase from
DPPY to DAPY or DTPY substantially in-
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Yy N—Ep

FIGURE 3. Arrangement of conserved motifs | (FxGxG) and IV [(D/N/S)PP(Y/F)] in the primary
structure of m6A-MTases. Filled arrows indicate motif |, and open arrows indicate motif V.

creased the K, for AdoMet but had a smaller
effect on the K, and K, for AdoMetand K
for DNA (Kossykh et al., 1993). In M.Eco
Dam, changing DPPY to DGPY, DVPY,
DPGY, DPRY, DPQY, DPEY, or DPVY
abolished activity (Guyot et al., 1993). We
have shown recently that replacement of the
tyrosine residue in motif IV (DPPY) with
tryptophan in M.EcoP151 resulted in en-
hanced cross-linking of the mutant enzyme
to AdoMet and DNA (Ahmad and Rao,
1996). Our results provide direct evidence
that motif I'V is close to AdoMet as well as
the substrate DNA-binding site. All these
results are consistent with the suggested role
for motif IV in catalysis. This motif has
been proposed to be analogous to the cata-
lytic PCQ motif of m5C-MTases. Recently,
it has been shown that the conserved NPPY
motif in M.Tagl, an m6A-MTase, overlaps
with the PCQ motif of M.Hhal, a m5C-
MTase, almost exactly when the two struc-
tures are superimposed (Schluckebier et al.,
1995).

In m6A-MTases, the role of motif I has
not been probed in detail. It was shown in
M.EcoKI that substitution of aspartic acid
for the first glycine in motif I completely
abolished AdoMet binding but did not alter
the DNA-binding properties of the enzyme
(Willcock et al., 1994). Substitution of the
second glycine residue in motif I of
M.EcoP151 with arginine or serine abol-

ished AdoMet binding, leading to a loss of
enzyme activity (Ahmad and Rao, 1996). In
an attempt to identify the amino acid resi-
dues involved in AdoMet binding in
M.EcoRI, Reich and Everett (1990)
photolabeled the enzyme with 8-azido
AdoMet. However, on sequencing the
photolabeled peptide, it became clear that
“the amino acid(s) that were cross-linked
did not represent any of the conserved mo-
tifs present in m6A-MTases. Similar results
were obtained with M.Eco Dam (Wenzel
and Guschlbauer, 1993). Irradiation of
M.EcoP151 with short-wave UV light in the
presence of [methyl->H]AdoMet resulted in
covalent adduct formation. Limited proteoly-
sis of the adduct revealed the role of the
amino-terminal domain in AdoMet binding
(Ahmad and Rao, 1994a). In a study to
identify amino acid residues involved in
DNA binding in m6A-MTases, photochemi-
cal cross-linking has been done with
M.EcoP151 and M.EcoKI (Ahmad and Rao,
1994b; Chen et al., 1995; Ahmad and Rao,
1996). In the case of M.EcoKI, tyrosine 27
of the specificity subunit was cross-linked
to bromouracil-substituted DNA (Chen et
al., 1995). Photochemical cross-linking and
mutational analysis of M.EcoP15] indicated
the role of the cleft formed by the two do-
mains in DNA recognition (Ahmad and Rao,
1996). These results are in agreement with
the recent crystallographic analysis of
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M.Hhal, M.Haelll, and M.Tagql, where the
hinge region has been shown or implicated
in DNA recognition (Klimasauskas et al.,,
1994; Labahn et al., 1994; Reinisch et al.,
1995). In an attempt to probe the role of
lysine residues in DNA recognition by
M.EcoR1241, Taylor et al. (1996) identified
six lysine residues of the specificity subunit
critical in DNA binding.

B. Reaction Mechanism

Chemical methylation of an adenine
involves the transfer of a methyl group to
the N1 position of the adenine. The adduct
undergoes N1-C2 bond cleavage, followed
by C5-C6 bond rotation and dehydration to
close the ring, which results in the forma-
tion of 6-methyladenine. This sequence of
reactions is called the Dimroth rearrange-
ment (Haines et al., 1964). The fact that the
N1 position of an adenine is more basic and
nucleophilic than the N6 position suggests
that the Dimroth rearrangement might be a
more likely mechanism than direct methy-
lation. Using a dodecamer substrate for
M.EcoRI with [6-1°N]adenine as the target
base, Pogolotti et al. (1988) showed that
M.EcoRI catalyzed the direct transfer of the
methyl group from AdoMet to the N6 posi-
tion of the target adenine. This mechanism
was further confirmed by the observation
that there was an inversion of the configu-
ration of the methyl group when it was trans-
ferred from AdoMet to the adenine. This
suggested that the reaction follows a Sy2
mechanism (Ho et al., 1991). These results
argue against a ping-pong kinetic mecha-
nism. In order to obtain better insight into
the kinetic mechanism of M.EcoRI, Surby
and Reich (1996b) determined the kinetic
parameters of the enzyme using DNA sub-
strates ranging in length from 14 bp to 4.36
kb. They observed a fourfold increase in the
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specificity constant of the enzyme when the
length of the DNA substrate was increased
from 14 bp to 4.36 kb. Further, they deter-
mined the affinity constant of the enzyme
for various DNA substrates (Surby and
Reich, 1996a). From such a study, it was
concluded that the enzyme binds to nonspe-
cific DNA sequences and searches for the
specific DNA sequence by facilitated diffu-
sion in a one-dimensional search.

Three reports in the literature describe a
detailed kinetic mechanism for the m6A-
MTases. M.EcoP151 shows a random bi-bi
steady-state mechanisms, where AdoMet or
DNA can bind first (Rao et al., 1989). In
contrast, M.EcoRI follows an ordered bi-
bi mechanism where AdoMet binding is
followed by DNA binding (Reich and
Mashhoon, 1991). However, in both cases,
AdoHcy (S-adenosyl-L-homocysteine) acts
as a competitive inhibitor with respect to
AdoMet (Rao et al., 1989; Reich and
Mashhoon, 1991). M.Ecal catalyzes the
transfer of a methyl group from AdoMet to
the adenine residue of the GGTNACC se-
quence with a random rapid equilibrium
mechanism (Szilak et al., 1993).

C. Three-Dimensional Structure

M.Tagl is the only m6A-MTase for
which a crystal structure is available. The
enzyme recognizes the sequence 5’-TCGA-
3’ and transfers a methyl group from AdoMet
to the N6 position of adenine. The crystal
structure has been solved for the MTase
complexed with AdoMet (Labahn et al.,
1994). The structure of this enzyme is simi-
lar to the structure of M.Hhal (Cheng et al.,
1993). The enzyme folds into two domains
of equal sizes. The amino-terminal domain,
which carries both the essential motifs, binds
to AdoMet. However, in this case, only the
second glycine is the conserved residue
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(ACAHG). The carboxy terminal domain is
less structured than the amino terminal do-
main. The second glycine residue in motif I
makes a sharp turn between o-helix B and
B-strand 1. AdoMet is inserted into a cavity
in the amino-terminal domain formed by
the two conserved motifs I and IV. Motif 1
is at the carboxy terminal of B1 and is part
of a classical Rossmann fold (f1-aB-B2)
(Labahn et al., 1994). The shape of the cav-
ity can accommodate the AdoMet in an
extended conformation. Interestingly, motif
IV (NPPY) also makes contacts with the
methyl moiety of AdoMet. This explains
why some of the earlier mutants in motif IV
were unable to bind to AdoMet (Kossykh et
al., 1993; Guyot et al., 1993) or showed
enhanced photolabeling with AdoMet
(Ahmad and Rao, 1996). The cleft formed
between the two domains is 21 A wide,
which is equivalent to the diameter of a B
DNA. Model-building studies suggest that
the DNA binds in the cleft. In a normal B
DNA, the target adenine is located 15 A
away from the methyl moiety of AdoMet.
Therefore, a direct methyl group trans-
fer onto the TCGA adenine residue in
undistorted M.Tagl is not possible. Hence,
it has been proposed that if the target ad-
enine flips out of the DNA double helix, it
will align the methyl group donor and ac-
ceptor, resulting in a direct methyl-group
transfer.

D. Functional Significance

Like all DNA MTases that are a part of
R-M systems, these MTases also methylate
self-DNA to protect it from the correspond-
ing endonucleases (Wilson and Murray,
1991). A solitary adenine methyltransferase
from E. coli, M.Eco Dam, regulates many
molecular events. M.Eco Dam recognizes
the sequence 5-GATC-3’ and transfers a

methyl group from AdoMet to the N6 posi-
tion of adenine (Lacks and Greenberg, 1977).
Immediately after replication, these sites are
transiently hemimethylated, and several
events occur during that phase. If any of the
misincorporations are left unnoticed by
the proofreading activity of the DNA
polymerase, the methyl-directed mismatch
repair pathway operates to correct the mis-
match. DNA adenine methylation deter-
mines strand selectivity for the methyl-di-
rected mismatch repair system (Modrich,
1989).

Darm methylation plays an important role
in chromosome replication and segregation
in E. coli (Boye and Lobner-Olesen, 1990).
There are eleven GATC sequences in the
245-bp origin of replication (oriC) region
(Oka et al., 1980). Methylation of oriC is
required for efficient initiation of chromo-
somal replication. The promoter element of
the dnaA gene also contains GATC sites.
These GATC sites are transiently hemi-
methylated after the start of replication.
Hemimethylated oriC and dnaA are seques-
tered into the membrane by certain compo-
nents of the membrane that have a high
affinity for hemimethylated GATC sites
(Ogden et al., 1988; Campbell and Kleckner,
1990; Slater et al., 1995). In addition,
hemimethylated GATC sites in the promoter
element of the dnaA gene downregulate its
own expression. The product of the dnaA
gene is essential for initiation of replication
(Bramhill and Kornberg, 1988). The seques-
tration of oriC and dnaA ensures single
initiation of chromosome replication per cell
division (reviewed by Crooke, 1995). In
addition, the association of hemimethylated
GATC sites has been implicated in proper
chromosome segregation following cell di-
vision in E. coli.

There are a number of promoters whose
methylation status seems to play a role in
regulating the expression of genes. Methy-
lation of GATC sites is reported to regulate
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the expression of the mom gene of Mu ph-
age (Hattman and Ives, 1984). The level of
mom RNA is decreased at least 20-fold in
dam- strains compared with dam* strains
(Hattman, 1982). Similarly, Dam methyla-
tion regulates the Pap pili phase variation
by regulating the expression of genes re-
sponsible for phase variation (Blyn et al.,
1990; Braaten et al., 1994). A dam site over-
laps with the -10 region of the inward pro-
moter of Tnl0, the product of which is a
transposase. In dam mutants, transposase
expression is increased about tenfold. In
addition, the transposase cleaves the target
site only if the GATC site in the target
sequence is hemimethylated (Roberts et al.,
1985; Kleckner, 1989). There are several E.
coli genes whose expression is increased in
dam mutants (Noyer-Widner and Trautner,
1993). It should be pointed out that no es-
sential genes can be regulated solely via
DNA methylation because dam mutants are
viable.

Packaging of bacteriophage P1 requires
the methylation of GATC sites in the pac
region, which carries seven sites in a 160-
bp fragment (Sternberg and Coulby, 1990).
Methylation of these sites by either the host
M.EcoDam or P1 phase M.Dam ensures the
cleavage of the pac site by the enzyme pacase
after headful packaging of DNA into the
capsid.

VI. CONCLUSIONS

In the past 2 to 3 years, our understand-
ing of DNA MTases has grown exponen-
tially. Three crystal structures have truly
enlightened us on the mechanism of spe-
cific DNA sequence recognition and, more
importantly, the mechanism of target-base

modification. A novel mode of DNA recog-
nition, the target-base flipping first reported
for am5C-MTase, seems to be a widespread
phenomenon. Although it is a drastic pro-
tein-induced DNA distortion, base flipping
is an elegant mechanism, especially if bur-
ied bases are to be modified.

Future research will definitely focus on
m6A-MTases. It will be interesting to see
how related and distinct are these two groups
of DNA MTases. It is well understood that
the catalytic mechanisms of m5C-MTases
and m6A-MTases are different, as reflected
in the primary structures of these enzymes.
Base flipping by m6A-MTases is likely, but
direct visualization is still awaited. MTases
promise to be a rich source of information
that can be unraveled by structural, bio-
chemical, and genetic studies.
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Temporal control of DNA methylation state in Caulocacter crescentus plays an important
role in the development of this organism. Recently, it has been shown that CcrtM adenine DNA
MTase, which specifically modifies GANTC sequences, is necessary for viability in this
organism (Stephens et al., 1996). In studies performed on the small plant Arabidopsis thaliana,
it has been clearly demonstrated that DNA cytosine methylation is important in establishing
or maintaining epigenetic developmental states in the meristem (Ronemus et al., 1996).
More recently, O’Gara et al. (1996) have reported four structures of complexes involving
Mhal, three ternary complexes and one binary complex that represent individual steps along
the reaction pathway. In the ternary complexes, the target cytosine flips out from the DNA
helix and into the target nucleotide binding pocket, close to the cofactor.
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