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Abstract—The structural and functional basics of protein functionality of restriction-modification systems
recognizing GGATC/GATCC, GATGC/GCATC, and GATGG/CCATC sites have been studied using bioinformatics
methods. Such systems include a single restriction endonuclease and either two separate DNA methyltrans-
ferases or a single fusion DNA methyltransferase with two catalytic domains. It is known that some of these
systems methylate both adenines in the recognition sites to 6-methyladenine, but the role of each of the
two DNA methyltransferases remained unknown. In this work, we proved the functionality of most known
systems. Based on the analysis of structures of related DNA methyltransferases, we hypothesized which of
the adenines within the recognition site is modified by each of the DNA methyltransferases and suggested
a possible molecular mechanism of changes in the DNA methyltransferase specificity from GATGG to GATGC

during horizontal transfer of its gene.
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INTRODUCTION

Restriction-modification (RM) systems protect
prokaryotic cells from the invasion of foreign (e.g.,
viral) DNA [1]. RM systems have been traditionally
divided into several types [2]. Type II RM systems en-
code two or more proteins; one is a restriction en-
donuclease (REase), which specifically recognizes and
cleaves a cognate DNA sequence, while the other pro-
tein is a methyltransferase (MTase), which modifies
the host DNA and prevents its hydrolysis by the REase.

* To whom correspondence should be addressed.

Unlike most Type II RM systems, subtype IIA RM sys-
tems are characterized by non-palindromic asymmet-
ric recognition sequences, which necessitates the pres-
ence of either two different MTases or a single fused
MTase with two catalytic centres to methylate both
DNA strands [3, 4].

In Part 1 of this work [Evolution and Ecolo-
gy, Biochemistry (Moscow), vol. 90, issue 4], we de-
scribed the evolution of subtype IIA RM systems
with the specificity towards GGATC/GATCC, GATGC/
GCATC, or GATGG/CCATC. The REases of all such sys-
tems are homologous to each other, which is also true
for their MTases. These MTases methylate adenines
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to NS-methyladenines (6mA) in both DNA strands of
the recognition sequence. Some of these systems pos-
sess two separate MTases, while others carry a sin-
gle fused MTase with two catalytic MTase domains.
We have shown that the fusion and separation of the
two MTases have occurred multiple times during the
evolution of such RM systems. While all the MTase
domains of these systems belong to the same Methyl-
transf12 protein family (according to the Pfam data-
base) [5], they can be classified based on the sequence
similarity into two well defined groups, which we des-
ignated as A and B. In every RM system selected for
this study, the two MTase domains always belonged
to different groups. Evidently, these two different do-
mains are responsible for the modification of different
DNA strands. However, the experimental information
on which MTase methylates which DNA strand is lack-
ing. In this article, which is Part 2 of our work, we
analyzed available biochemical data, amino acid se-
quences, and 3D structures of homologous MTases to
determine specific nucleotides methylated by each of
the MTases, predicted MTase regions responsible for
the recognition of cognate DNA sequences, and pro-
posed a hypothetical mechanism that explains chang-
es in the specificity of one of the MTases during its
evolution, presumably, in the course of its horizontal
transfer from an RM systems with a different speci-
ficity.

MATERIALS AND METHODS

The list of RM systems was extracted from RE-
BASE, v. 303 as of 28.02.2023 [6]. The amino acid se-
quences were aligned using Muscle [7], and the align-
ments were visualized in Jalview [8]. The boundaries
between the N- and C-terminal domains of fused
MTases were determined by comparing their se-
quences with the sequences of single-domain MTases.
The evolutionary domains in the sequences of RM
system proteins and domain families were identi-
fied with HMM profiles from the Pfam database [5].
Protein phylogenies were inferred using FastME [9]
with midpoint rooting of the resulting phylogenetic
tree. The trees were visualized with MEGA7 [10] and
iTOL [11]. CD-HIT [12] was used for clustering proteins
with desired sequence identity levels. The structures
of MTases and MTase-DNA complexes were predicted
with AlphaFold2 using ColabFold [13, 14] and visual-
ized and analyzed in PyMOL [15]. Sequence LOGOs
were generated by WebLogo [16].

Following the terminology introduced in the
Part 1 of this study [Evolution and Ecology, Biochem-
istry (Moscow), vol. 90, issue 4], we will further refer
to the RM systems specific toward GGATC/GATCC as
‘red’, GATGG/CCATC - as ‘green’, and GATGC/GCATC -
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as ‘blue’. Hereinafter (except Fig. 4), the recognised
sites for ‘red’, ‘green’, and ‘blue’ systems will be des-
ignated as GGATC, GATGG, and GATGC, respectively,
i.e.,, we will use the sequence of the chain containing
adenine that, according to our results, is methylated
by a group A MTase.

RESULTS AND DISCUSSION

In Part 1 of our study [Evolution and Ecology, Bio-
chemistry (Moscow), Issue 4, vol. 90], we determined
that all RM systems specific toward GGATC, GATGC, or
GATGG contained one REase domain of the RE_AlwI
family and two MTase domains of the Methyltransf12
family. In total, REBASE v. 303 contained 493 such
systems with two single-domain MTases and 227 sys-
tems with fused two-domain MTases. Based on their
sequence similarity, all single-domain MTases, as well
as the N- and C-terminal domains of fused two-domain
MTases, were divided into two groups designated A
and B. Two MTases of the same system or two do-
mains of a fused MTase always belonged to the dif-
ferent groups.

Functionality of the RM systems. The enzymatic
activity of several REases belonging to the studied RM
systems has been demonstrated experimentally. Thus,
the ‘blue’ REase SfaNI hydrolyzed DNA five nucleo-
tides downstream of the recognition sequence GCATC
in the top strand and nine nucleotides downstream in
the bottom strand, which is conventionally designated
as GCATC (5/9) [17]. According to REBASE, the ‘red’
REase AlwI hydrolyzes GGATC (4/5). The ‘green’ REase
McaCI recognizes the sequence CCATC, although the
exact site of hydrolysis remains unknown.

It was shown that mutations of the amino acid
residues E418, D456, E469, and E482 in the nickase
Nt.BstNBI, which is homologous to the studied REases
(Fig. 1), resulted in the loss of its catalytic activity [18].
Amino acid residues corresponding to D456 and E482
of Nt.BstNBI were absolutely conserved in 411 refer-
ence sequences chosen from the clusters of studied
REases with 98% sequence identity; the residues cor-
responding to E418 were conserved in 410 sequences
and replaced by D in only one sequence. Amino acid
residues corresponding to E469 were conserved in
407 sequences, replaced by K in two closely related
REases, are deleted in two other sequences.

Based on the X-ray analysis of the structure
of Nt.BspD6I nickase, which is 100% identical to
Nt.BstNBI, it was proposed that H489 is another res-
idue essential for the nickase enzymatic activity [19].
The corresponding amino acid residue in the sequenc-
es of studied REases were strictly conserved. Altogeth-
er, these data indicate that the majority of REases
studied in this work are functional.
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Fig. 1. Fragment of the multiple sequence alignment

of the studied REases and Nt.BstNBI nickase. Red asterisks indicate

amino acid residues E418, D456, E469, and E482 of nickase Nt.BstNBI that were experimentally confirmed as important for
its catalytic activity; yellow asterisk indicates H489 presumably participating in the catalysis.

The MTases studied in our work were 6mA
MTases that belong to the a group according to the
classification based on the mutual position of the
conserved motifs within their sequences [20]. The
absolute majority of the studied MTases possessed
both the S-adenosylmethionine-binding motif F-x-G-x-
[G/A] and the catalytic motif D-[P/T]-P-Y, which indi-
cates the functionality of these enzymes. The ability
to methylate DNA has been experimentally demon-
strated by PacBio for almost a hundred of these
MTases.

Hypothetical mechanism of DNA recognition by
MTases and prediction of the methylation sites. The
3D structures are available for three MTases from the
MethyltrasfD12 family: M.EcoT4Dam (PDB IDs:1YF],

1YFL, 1YF3, 1Q0S, 1Q0T) [21], M1.DpnlI (2DPM) [22],
and M.EcoKDam (2G1P, 20RE, 4GOL, 4GOM, 4GON,
4G0OO0, 4GBE, and 4RTJ-4RTS) [23]. All three MTases
are homologous to group B MTases from the studied
RM systems (see Fig. S1 in the Online Resource 1).
M.EcoT4Dam [21] contained several groups of con-
served amino acid residues that formed three clus-
ters on the protein surface (see Fig. 2b in the paper
[21]). The first group included residues located near
the catalytic site (green asterisks in Fig. S1 in the On-
line Resource 1), the second and the third groups con-
tained conserved residues from the target-recognition
domain (TRD; yellow asterisk in Fig. S1 in the Online
Resource 1) and conserved B-hairpin (red asterisks
in Fig. S1 in the Online Resource 1), respectively.

M.Alwl-C GGATC
M2.Csp12AIll GGATC

=l

M.Fokl-N GGATG

.SfaNI-N GATGC

M2.LIaUC11l GATGC
M.Cpe9320RF840P-N GATGG

48 M1.McaCl GATGG

M.Alwl-N GGATC
M1.Csp12All GGATC
M1.Dpnll GATC

M.EcoKDam GATC
M.EcoRV GATATC

M.EcoT4Dam GATC

M.Fokl-C GGATG

100
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i e
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%
a1
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M1.Bst191 GATGC
| — M.Cpe9320RF840P-C GATGG

o I
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M.SfaNI-C GATGC
M1.LIaUC11] GATGC

Fig. 2. Phylogenetic tree of 12 MTases specific toward GGATC (red), GATGC (green), and GATGG (blue), MTases M.EcoKDam,

M.EcoT4Dam, and M1.DpnlI with known 3D structures, and

well-studied MTases M.EcoRV, M.FokI, and M1.Bst191. The phy-

logeny for the fused two-domain MTases was inferred for the N- and C-terminal domains separately. Numbers indicate the
bootstrap support values; branches with lower than 25% support were removed (collapsed).
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Fig. 3. Gene organization and target sequences of representative MTases recognizing GGATG, GATGG, GATGC, and GGATC
sites. Based on the information from REBASE website, red and yellow flags indicate positions of conserved motifs F-x-G-x-G
and D-P-P-Y, respectively; blue asterisks indicate non-perfect matches between the canonical motifs and the actual sequenc-
es (F-x-G-x-A and D-T-P-Y, respectively). Two possible methylation variants are shown for GGATC, with pink background

indicating a more probable variant.

Both DNA strands in the recognition sequences
of the studied RM systems contained one adenine
residue each. Several 3D structures of MethyltrasfD12
family MTases, namely M.EcoT4Dam (PDB IDs: 1YF],
1YFL, 1YF3, and 1Q0T), and M.EcoKDam (PDB ID 2G1P,
and 4RTJ-4RTS) were obtained in complex with DNA
[21, 23]. Since these MTases were homologous to the
group B MTases studied in our work (Fig. 2 and S1
in the Online Resource 1), it was possible to predict
which adenine is methylated by which MTase in the
RM systems recognizing GATGG (‘green’) and GATGC
(‘blue’) sequences. Specifically, multiple sequence
alignment of group B MTases with M.EcoKDam and
M.EcoT4Dam identified a conserved arginine residue
(R116 in M.EcoT4Dam and R124 in M.EcoKDam; the
first red asterisk in Fig. S1 in the Online Resource 1).
In M.EcoKDam, this residue is responsible for the
recognition of the guanine residue in the DNA strand
complementary to the strand containing methylated
adenine of the GATC recognition sequence [23]. Pre-
sumably, this means that group B MTases methylate
adenine in the ATC subsequence. This hypothesis was
supported by the experimental data on the nucleo-
tides methylated by the ‘green’ MTases M1.Hpy300VI
(group A) and M2.Hpy300VI (group B) [24], M.FokI [25]
specific towards GGATG (the N- and C-terminal do-

mains of this enzyme are homologous to group A and
group B MTases, respectively), and MTase M1.Bst191
which is similar to group B MTases [26]. Although
M1.Bst191 recognizes GATGC site, its sequence differs
significantly from other MTases with the same speci-
ficity. M1.Bst19I did not cluster together with the rest
of ‘blue’ MTases in the phylogenetic tree (Fig. 2). The
RM system containing M1.Bst191 was not included in
the list of RM systems studied in this work, because
the amino acid sequence of the corresponding REase
Bst19I was not available.

Therefore, we predict that group B MTases be-
longing to the systems with the GATGG and GATGC
recognition sites (‘green’ and ‘blue’, respectively)
methylate adenines that are complementary to the
third (T) nucleotide. Group A MTases likely methylate
the second (A) nucleotide in these sequences. Howev-
er, no such prediction can be made for the systems
recognizing GGATC (red), since in this case, both DNA
strands contain the ATC subsequence (Fig. 3).

To determine the most probable methylation pat-
tern for the MTases with GGATC recognition sequence,
we analyzed the 3D structures of the MTase complex-
es with DNA (Fig. 4). The models of all proteins, in-
cluding M.EcoKDam and M.EcoT4Dam, were gener-
ated with ColabFold, since the crystal structures for

BIOCHEMISTRY (Moscow) Vol. 90 No. 4 2025
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M.EcoT4Dam

M.Fokl-C

Fig. 4. 3D models of group B MTases and their homologs in complex with DNA. Cyan, MTase catalytic domain; green, TRD;
red, loop potentially involved in the recognition of the nucleotide pairs shown to the right in the figure; magenta, region
presumably involved in the recognition of nucleotides shown to the left in the figure. In the DNA molecule, pale pink indi-
cates four nucleotides that correspond to the GATC recognition sequence of M.EcoKDam; light lilac and pink correspond to
flanking nucleotide pairs. Nucleotides designated with letters and 5 and 3' denotations are given for the strands containing

adenine residues methylated by MTases B

M.EcoKDam and M.EcoT4Dam lacked coordinates for
several loops. For M.EcoKDam and M.EcoT4Dam, the
regions present in the crystal structures did not differ
significantly from the obtained models (RMSD values
for comparison of M.EcoKDam model with its X-ray
structure (2G1P) and of M.EcoT4DAM model with its
structure (1YFL) were 0.225 and 0.633 A, respective-
ly). The positions of DNA and S-adenosylhomocysteine
were modelled from 2G1P. MTase models were aligned
with the 2G1P structure over the catalytic domain (co-
loured cyan in Fig. 4) to unify their spatial orientation.

We hypothesized that the conserved arginine res-
idue (R124 in M.EcoKDam) of group B MTases always
interacts with guanine in the DNA strand complemen-

BIOCHEMISTRY (Moscow) Vol. 90 No. 4 2025

tary to the strand containing the methylated adenine
in the ATC motif. If this adenine is a part of the GGATC
sequence, then group B MTase (e.g., N-terminal domain
of M.AIwI) would have amino acid residues specifi-
cally recognizing the two 5' nucleotides; on the other
hand, if this adenine is a part of the complementary
GATCC sequence, then the group B MTase would con-
tain residues recognizing both 5 and 3’ nucleotides.
As shown in Fig. 4, the structure of the N-terminal
domain of M.AIwI possesses a loop located close to the
nucleotides adjacent to the methylated adenine from
the 3’ direction (the loop is shown in red in Fig. 4
and underlined with red in the sequence alignment
in Fig. S1 in the Online Resource 1). At the same time,
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Fig. 5. LOGO diagrams of the sequence alignments of
group B MTases loops (shown in red in Fig. 4). a) Dia-
gram constructed for the loops of GGATC-specific MTases,
homologous to residues 199-218 of M.AlwI N-terminal
domain (VPISEYSDFKRYTKEQFYLE). b) Diagram con-
structed for the loops of GGATG-specific MTases, homol-
ogous to residues 552-571 of M.Fokl C-terminal domain
(LITTGSYNDGNRGFKDWNRL). The recognition sequences of
the respective MTases are shown under each LOGO diagram;
the nucleotide pair presumably recognized by the protein
loop is highlighted in bold; G residue indicated by the arrow
likely binds to the conserved arginine.

M.AlwI lacks protein segments coloured in magenta
in Fig. 4; these segments are present in the structures
of MTases (‘green’ M2.McaCI and C-terminal domain
of ‘blue’ M.SfaNI) whose recognition sequences extend
toward the 5 end relative to the methylated adenine
(underlined with magenta in the sequence alignment
in Fig. S1 in the Online Resource 1). Therefore, it seems
more plausible that the N-terminal domain of M.AlwI
methylates adenine in GATCC and not in GGATC.

Group B MTases that recognize GGATC (‘red’) or
GGATG (M.FokI-like) contain the conserved motif Y-x-
D-x-x-R (Fig. 5) potentially involved in the decoding
of guanine marked with an arrow in Fig. 5 that could
possibly interact with the conserved arginine residue
of this motif.

Group B MTases recognizing GATGC and GATGG
(‘blue’ and ‘green’, respectively) contain the L-S-x-[S/T]
motif (Fig. 6) at the beginning of the loop (coloured
in magenta in Fig. 4). The rest of the loop sequences
differ between the ‘blue’ and ‘green’ group B MTases,
probably because they recognise GC nucleotide pairs
oriented differently with respect to the methylated
adenines. These GC pairs are probably recognized
by some residues from the G-Y-x—x-Y-x-x-x-S motif in
‘blue’ MTases (Fig. 6a) and K-x-x-x-x-K-T-Y-[F/Y] motif
in ‘green’ MTases (Fig. 6, b and c). ‘Green’ MTases con-
tain two variants of the loop (23 and 24 amino acid
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Fig. 6. LOGO diagrams of the sequence alignments of
group B MTase loops that are shown in magenta in Fig. 4.
a) Diagram constructed for loops of GATGC-specific MTases
(‘blue’), homologous to residues 490-509 of M.SfaNI C-termi-
nal domain (LSNSKMYGYNYYKTSSAKGL). b and c) Diagrams
constructed for the 23-residue (b) and 24-residue (c) loops
of GATGG-specific MTases (‘green’), homologous to residues
111-133 of M2.McaCI (LSCSYLSITVPDELKKKYVKTYY). The
recognition sequences of the respective MTases are shown
under each LOGO diagram; the nucleotide pair presumably
recognized by the protein loop is highlighted in bold.

M2.Jsp2502] 105-128

residues in length). The sequences of these variants
are similar at the edges but differ in the central part.

Changes in the MTase specificity after hori-
zontal gene transfer. In several RM systems, includ-
ing Cup115411V, Hfe11613I, and Hmul12714I1 whose
specificity towards GATGC was confirmed by PacBio,
group A MTases was more similar to the MTases
recognizing GATGG (‘green’) than to the majority of
MTases with the GATGC specificity (‘blue’). Group B
MTases and REases from these systems, however, did
not demonstrate such anomalous clustering (note
the positions of Hmul12714I1 and Hfe11614I proteins
on the trees in Fig. 7, a-c). Presumably, an ancestral
group A MTase has changed its specificity from GATGG
to GATGC upon the horizontal transfer of its gene.
To suggest the molecular mechanisms responsible for
this change, we compared the sequences of group A
MTases recognizing GATGG and GATGC (Fig. 7). The
specificity of these MTases was confirmed by PacBio.
All ‘blue’ group A MTases, including those more simi-
lar to the ‘green’ group A enzymes in majority of their

BIOCHEMISTRY (Moscow) Vol. 90 No. 4 2025



RM SYSTEMS: FUNCTIONALITY AND STRUCTURE

a M1.McaCl GATGG
M.Cpe9320RF840P-N GATGG
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— M2.LIaUC111 GATGC

—— M.SfaNI-N GATGC

McaCl GATGG

Cpe9320RF840P GATGG

LlaUC11IP GATGC

SfaNI GATGC
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b — M2.McaCl GATGG

M.Cpe9320RF840P-C GATGG

M1.LIaUC111 GATGC

L—— M.SfaNI-C GATGC

M2.Hmu1271411 GATGC

M2.Hfe116131 GATGC

M1.Hmu12714lI

Fig. 7. Phylogenetic trees for the representative group A MTases (a), group B MTases (b), and REases (c) recognizing GATGC
(‘blue’) or GATGG (‘green’), and the 3D model of group A MTase M1.Hmu12714II (d). The GC pair corresponding to the 3'-end
cytosine in GATGC is shown in red. S-adenosylhomocysteine and side chains of amino acid residues from the N-x-R-S-N
motif are shown as ball-and-stick models; the catalytic domain and the TRD indicated with cyan and green, respectively.

amino acid sequences, contained in the C-terminal
region the conserved motif N-x-R-S-N, which ‘green’
MTases lacked. As can be seen from the model of
M1.Hmu127141I complex with DNA (Fig. 7d), this motif
is positioned in the DNA major groove, with arginine
side chain located close to the guanine complementary
to the 3-end C in GATGC. It can be speculated that the
arginine residue of this motif is responsible for the
enzyme specificity.

The N-x-R-S-N motif could have emerged inde-
pendently as a result of convergent evolution. More
likely, however, that this motif has been obtained by
an MTase with the GATGG specificity through recom-
bination with an MTase recognizing GATGC.

CONCLUSION

In this work, we analyzed the sequences and 3D
structures of proteins from the RM systems recogniz-
ing GGATC, GATGC, and GATGG sequences, as well as
several related proteins, to establish the functionality
of the majority of these systems and to propose which
adenine base is methylated by each of the two MTases
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in a RM system and how the MTase recognition se-
quence can change from GATGG to GATGC upon the
horizontal transfer of an MTase gene.

Abbreviations. MTase, DNA methyltransferase;
REase, restriction endonuclease; RM system, restric-
tion-modification system; TRD, target recognition do-
main.
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