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ABSTRACT

We describe the cloning, expression and character-
ization of the first truly non-specific adenine DNA
methyltransferase, M.EcoGII. It is encoded in the
genome of the pathogenic strain Escherichia coli
O104:H4 C227–11, where it appears to reside on a
cryptic prophage, but is not expressed. However,
when the gene encoding M.EcoGII is expressed in
vivo - using a high copy pRRS plasmid vector and a
methylation–deficient E. coli host––extensive in vivo
adenine methylation activity is revealed. M.EcoGII
methylates adenine residues in any DNA sequence
context and this activity extends to dA and rA bases
in either strand of a DNA:RNA-hybrid oligonucleotide
duplex and to rA bases in RNAs prepared by in
vitro transcription. Using oligonucleotide and bac-
teriophage M13mp18 virion DNA substrates, we find
that M.EcoGII also methylates single-stranded DNA
in vitro and that this activity is only slightly less
robust than that observed using equivalent double-
stranded DNAs. In vitro assays, using purified recom-
binant M.EcoGII enzyme, demonstrate that up to 99%
of dA bases in duplex DNA substrates can be methy-
lated thereby rendering them insensitive to cleavage
by multiple restriction endonucleases. These proper-
ties suggest that the enzyme could also be used for
high resolution mapping of protein binding sites in
DNA and RNA substrates.

INTRODUCTION

DNA methyltransferases (MTases) are ubiquitous in all
kingdoms of life (1). In bacteria and archaea, they are most
often associated with providing protection against restric-
tion enzymes (2). Many prokaryotic DNA MTases, how-

ever, have no counterpart restriction enzyme and the bio-
logical functions of such ‘orphan’ MTases have only been
determined in a few cases. For instance, the Dam MTase
of E. coli is known to be involved in mismatch repair and
control of the replication cycle (3), the CcrM MTase from
Caulobacter crescentus has been shown to be involved in
cell cycle regulation (4) and the MamA MTase of Mycobac-
terium tuberculosis functions as a sequence-specific regula-
tor of transcription with a potential role in adaptation to
hypoxia (5). Some bacteriophage genomes are also known
to encode DNA MTases where it is assumed that they pro-
vide protection against commonly encountered restriction
systems (6). Because MTases contain distinctive amino acid
sequence motifs, a large number of putative MTase genes
can be found using bioinformatic analyses (7,8), but usu-
ally their larger role within the metabolism of their bacterial
hosts are unknown.

Until recently, DNA MTases were quite difficult to char-
acterize in terms of their recognition sequences due to
the tedious biochemical procedures necessary to rigor-
ously identify the sequences surrounding the methylated
base. However, with the introduction of Pacific Biosciences
SMRT sequencing (9,10), this situation has changed and it
has now become very simple to determine recognition se-
quences for DNA MTases either by expressing them in a
non-methylating strain of E. coli (11) or even easier, by per-
forming computational motif analysis of raw genome se-
quence data (12). This has resulted in the discovery of very
many new MTases, especially those associated with Type I
and Type III restriction systems (13), but also some with un-
expected specificity such as the one characterized in detail
here (14).

A DNA MTase, M.HaeV with greatly reduced speci-
ficity BA (B = C, G or T) was described by Drozdz et al.
(15), who also noted that several similar enzymes could be
found in GenBank on the basis of sequence similarity. Note-
worthy in this regard is a DNA adenine methyltransferase,
M.CsaII, which recognizes the sequence AB (12). Although
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this enzyme has a related recognition sequence, its protein
sequence is quite distinct from that of M.HaeV. Neverthe-
less, it too has many related genes in GenBank.

During our analysis of the DNA MTases present in the
E. coli strain, O104:H4 C227-11, which was responsible
for a severe outbreak of hemorrhagic uremia in Europe,
we expressed and characterized the specificities of each
of the DNA MTases present in this system (14). Two of
those proved completely non-specific for all A residues, al-
though in the initial experiments where in vivo methylation
by cloned genes was reported, only 70% of the A residues
were methylated. However, no sequence specificity for that
modification was detected in the genome. We have subse-
quently characterized one of those enzymes, M.EcoGII in
detail, and find that it is indeed non-specific and, under
appropriate conditions, is able to methylate >85% of A-
residues in a DNA substrate in vivo and close to 100% in
vitro.

MATERIALS AND METHODS

Materials

Restriction endonucleases, T4-DNA ligase, Phusion-HF
DNA polymerase, proteinase K, S-adenosylmethionine
(SAM), Hi-Scribe in vitro transcription kit and compe-
tent E. coli cells were from New England Biolabs Inc.
(Ipswich, MA, USA). Tritiated SAM (specific activity
55–85Ci/mmol) was acquired from Perkin Elmer. Plas-
mid DNAs and PCR products were purified using spin-
column purification reagents from Qiagen and New Eng-
land Biolabs Inc. All synthetic DNA and RNA oligonu-
cleotides were purchased from Integrated DNA Technolo-
gies (Coralville, IA, USA).

Expression and purification of recombinant M.EcoGII

The M.EcoGII gene was amplified from E. coli O104:H4
C227–11 genomic DNA by PCR using Phusion-HF DNA
polymerase, restricted with SbfI and BamHI endonucle-
ases and ligated to PstI-BamHI-restricted pRRS plas-
mid DNA (14). This vector, however, proved to be un-
suitable for recombinant expression of M.EcoGII, most
likely due to unregulated expression from the vector lac
promoter. We therefore subcloned the M.EcoGII gene in
several inducible expression vectors to identify an opti-
mal expression platform. M.EcoGII enzyme was expressed
using a pBAD24 (16) arabinose-inducible vector in Es-
cherichia coli ER3037 cells (E. coli B fhuA2 [lon] ompT
gal sulA11 �(mcrC-mrr)114::IS10 R(mcr-73::miniTn10–
TetS)2 R(zgb-210::Tn10 )(TetS) endA1 [dcm]). Cells were
harvested 2 h after arabinose induction and the M.EcoGII
enzyme was purified from E. coli cell-free extracts using
an ÅKTA-FPLC system (Pharmacia/GE) via sequential
chromatography using DEAE-Sepharose, Heparin Hyper-
D, Source-Q, Source-S, Heparin-TSK and Superdex-75.

Biochemical characterization

To assess the extent of M.EcoGII methylation activity
achievable in vivo the pRRS:M.EcoGII vector was trans-
ferred to E. coli ER2796 (17) which lacks dam, dcm and

EcoKI MTase activities. Plasmid DNA samples were iso-
lated from stationary-phase ER2796 cultures after growth
at 37◦C and 200 rpm for 20 h, followed by hydrolysis to nu-
cleosides and LC–MS analysis (see below). In vitro methy-
lation activity of M.EcoGII on various substrates was as-
sayed by radiometric and non-radiometric methods. Radio-
metric assays of M.EcoGII activity on single- and double-
stranded DNA, single stranded RNA and RNA/DNA-
hybrid oligonucleotide substrates used 50 mM HEPES
buffer, pH 7.0, containing 1 mM EDTA and 3.7 �M 3H-
SAM. Larger scale non-radiometric assays with single- and
double-stranded DNA, RNA/DNA-hybrid or in vitro tran-
scribed RNA substrates used either 50 mM HEPES buffer
or 1× CutSmart buffer (50 mM potassium acetate/20 mM
Tris-acetate/10 mM magnesium acetate, pH 7.9) contain-
ing 1 mM EDTA and SAM concentrations varying from
80–320 �M.

RNA products of in vitro transcription reactions were
treated with DNAse I to remove template DNA and RNA
was recovered by ethanol precipitation, then dissolved in
DEPC-treated water prior to methylation. Five �g of RNA
transcript was methylated in vitro for two hours at 37◦C in
a 1 ml assay containing 1× CutSmart buffer containing 320
�M SAM, 1 mM EDTA and 1 �M M.EcoGII. Methylated
RNA was recovered by phenol extraction, followed by two
cycles of ethanol precipitation and resuspension in DEPC-
treated water.

Qualitative analyses of M.EcoGII activity on double-
stranded plasmid and genomic DNA substrates employed
restriction-protection assays using a selection of restriction
endonucleases that are known to be insensitive to, or inhib-
ited by, adenine-methylation (13).

Quantitative analyses of M.EcoGII activity in vivo and in
vitro using DNA and RNA substrates using an LC–MS as-
say

The relative abundances of unmethylated (dA and rA)
and methylated (m6dA and m6rA) bases in M.EcoGII-
methylated substrates were determined using liquid chro-
matography and mass spectrometry (LC–MS). DNA
and/or RNA samples were converted to nucleosides using
a proprietary mixture of nucleases and phosphatases (New
England Biolabs Inc.) based on the method of Hashimoto
et al. (18). LC–MS/MS analysis was performed in duplicate
by injecting digested polynucleotide samples on an Agilent
1290 UHPLC equipped with a G4212A diode array detec-
tor and a 6490A Triple Quadrupole Mass Detector oper-
ating in the positive electrospray ionization mode. UHPLC
was carried out using a Waters XSelect HSS T3 XP column
(2.1 × 100 mm, 2.5 �m) with the gradient mobile phase con-
sisting of methanol and 10 mM aqueous ammonium for-
mate (pH 4.4). Data acquisition was performed in the dy-
namic multiple reaction monitoring (DMRM) mode. Each
nucleoside was identified in the extracted chromatogram as-
sociated with its specific MS/MS transition: dA [M+H]+

at m/z 252 →136, m6dA [M+H]+ at m/z 266 →150, rA
[M+H]+ at m/z 268 →136, and m6rA [M+H]+ at m/z 282
→150. External calibration curves with known amounts of
the nucleosides were used to calculate their ratios within the
samples analyzed.
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Bioinformatic analyses

M.EcoGII was first identified using the SEQWARE pro-
gram as described previously (11,12). Flanking sequences
were examined for the presence of phage genes and also
compared with the flanking sequences of M.EcoGI,which
is very closely related in sequence to M.EcoGII. BLAST
analyses at NCBI were used to detect homologs in other
genomes. The M.EcoGII protein sequence was analyzed
with the PHYRE2 prediction server (using default param-
eters) for comparison with structures of each of the five �-
class DNA MTase structures deposited in the PDB (19).

RESULTS

Cloning, expression and purification

During initial attempts to express the gene for M.EcoGII
using the multicopy plasmid pRRS, in which the gene is
constitutively active, we noticed that clones grew slowly
and were somewhat unstable. We attributed this to poten-
tially high levels of methylation of the E. coli chromosome,
which we assumed would affect gene expression, with dele-
terious effects for the cell. However, transfer of the gene
to an arabinose-inducible pBAD24 vector was sufficient to
achieve stable recombinant expression. The enzyme was pu-
rified to near homogeneity as described in Materials and
Methods and the results of SDS-PAGE and native MS anal-
yses of the purified M.EcoGII are presented in Supplemen-
tary Figure S1.

Analyses of DNA methylation by M.EcoGII in vivo and in
vitro

To assess the specificity of M.EcoGII-methylation and its
effectiveness at inhibiting restriction endonucleases, we car-
ried out restriction analyses using pBR322 plasmid DNA
and an enzyme known to be insensitive to dA methyla-
tion (either BamHI or PvuI) in combination with one of
twelve additional enzymes that cleave different six base-
pair sequences, the activities of which are known to be
blocked by adenine methylation (13). Duplicate assays
were set-up using unmethylated pBR322 DNA (isolated
from E. coli ER2796 cells) and equivalent samples that
had been methylated using M.EcoGII at 37◦C for 1 h in
vitro. The results, shown in Figure 1, confirm that the ac-
tivities of all twelve enzymes are blocked by the action
of M.EcoGII while the equivalent unmethylated samples
are completely restricted. The modified adenine residues
present in these restriction sites are embedded in multi-
ple different flanking sequences, consistent with the no-
tion that M.EcoGII methylates dA residues in many se-
quence contexts. The results for EcoRI, NdeI, PstI and
SalI––each of which is known to be protected from re-
striction in vivo by the action of a cognate adenine MTase
acting at defined positions in each strand of their 6-base
pair (bp) palindromic recognition sequences––collectively
demonstrate that M.EcoGII methylates dA bases in all pos-
sible dinucleotide contexts. The results of a similar analysis
using BamHI and six restriction endonucleases that cleave
four base-pair sequences (AluI, MluCI, MseI, NlaIII, RsaI
and TaqI) are presented in Supplementary Figure S2. As

previously, each unmethylated plasmid DNA sample was
completely restricted, whereas the equivalent M.EcoGII-
methylated samples yielded only the full-length linear prod-
uct of BamHI restriction.

We then determined the extent of M.EcoGII-catalyzed
methylation that could be achieved in vivo using an LC–
MS-based assay and found that 86% of total dA in plas-
mid pRRS:M.EcoGII DNA isolated from stationary phase
ER2796 cultures was in the form of m6dA (Figure 2A, B).
We also determined the time course of M.EcoGII methy-
lation of dam+ pUC19 plasmid DNA at 37◦C using a
restriction-protection assay (Figure 2C) followed by LC–
MS analysis of the products. The latter shows that more
than 50% of total dA was converted to m6dA after 4 min-
utes, increasing to 85% m6dA after 64 minutes (Figure 2D).
Additional in vitro experiments using pUC19 DNA and an
excess of enzyme yields DNA wherein m6dA constitutes
greater than 92% of total dA, increasing to 96% m6dA if the
methylated DNA is spin-column purified then subjected to
a second round of methylation in vitro (Figure 3A andB).
Control pUC19 DNA, without M.EcoGII treatment, con-
tains 2.3% m6dA representing complete methylation of the
15 dam methylation sites present in the 2686 bp plasmid. In
equivalent experiments, using linear pUC19 plasmid DNA
prepared by SmaI restriction as a substrate for M.EcoGII
methylation, the proportion of methylated dA can exceed
99%, possibly indicating that relaxed DNA is a better sub-
strate for M.EcoGII than supercoiled plasmid DNA (Fig-
ure 3C and D).

M.EcoGII can also be used for genome-wide methyla-
tion of unmethylated bacterial DNA isolated from E. coli
ER2796, yielding products that are refractory to MboI
cleavage but are completely restricted by DpnI (Figure 3E).
MboI activity is inhibited by hemimethylation of adenine at
GATC sequences, whereas DpnI is a methyl-dependent en-
zyme that requires methylation of adenines in both strands
of the GATC site for efficient cleavage and is only partially
active at hemimethylated sites (13).

Activities of M.EcoGII on ssDNA, DNA–RNA hybrid and
ssRNA substrates

Radiometric assays, using tritiated SAM as methyl donor,
were used to compare the activity of M.EcoGII (25–250
nM) using single-stranded or duplex oligonucleotide sub-
strates each of which contained a single dA residue (Figure
4A). Robust activity was evident in both cases, with methy-
lation of the ssDNA substrate corresponding to about 80%
of that observed for the equivalent duplex. To confirm
these observations we methylated 2 �g of M13mp18 single-
stranded virion DNA and an equivalent amount of double-
stranded M13mp18 RF duplex DNA with M.EcoGII in
vitro. Methylated DNA samples were hydrolyzed to nucle-
osides and analyzed using LC–MS revealing that 78% and
84% of dA bases were methylated in the single-stranded and
duplex substrates, respectively (Figure 4B and C).

Additional experiments using the radiometric assay pro-
vided evidence that M.EcoGII can also methylate DNA–
RNA hybrid and ssRNA substrates in vitro (Figure 5A). To
confirm these activities we incubated M.EcoGII with a 48
base-pair oligonucleotide duplex containing 10 dA residues
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M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 M

M 15 16 17 18 19 20 21 22 23 24 25 26 M

Enzyme 1                 Enzyme 2
Lanes 1, 2      BamHI (GGATCC) AseI (ATTAAT)
Lanes 3, 4      BamHI PstI (CTGCAG)
Lanes 5, 6*      BamHI PvuI (CGATCG)
Lanes 7, 8      BamHI ScaI (AGTACT)
Lanes 9, 10    PvuI (CGATCG)    EcoRI (GAATTC)
Lanes 11, 12  PvuI ClaI (ATCGAT)
Lanes 13, 14  PvuI HindIII (AAGCTT)
Lanes 15, 16  PvuI EcoRV (GATATC)
Lanes 17, 18  PvuI SphI (GCATGC)
Lanes 19, 20  PvuI SalI (GTCGAC)
Lanes 21, 22  PvuI PvuII (CAGCTG)
Lanes 23, 24  PvuI NdeI (CATATG)
Lanes 25, 26  PvuI PciI (ACATGT)

5, 6* = Control samples. Neither BamHI or PvuI are inhibited 
by adenine methylation. 

A, C = Sites of action of cognate MTases associated with 
each restriction endonuclease in vivo (where known).

Figure 1. In vitro methylation of plasmid DNA by M.EcoGII inhibits cleavage activities of multiple restriction endonucleases. pBR322 plasmid DNA was
prepared from E. coli ER2796 (a non-methylating strain lacking dam, dcm and M.EcoKI activities) and a 10 �g sample of this DNA was subsequently
methylated in vitro using purified M.EcoGII enzyme (1 �M). Unmethylated and M.EcoGII-methylated DNA samples were each incubated with pairs
of restriction endonucleases comprising one enzyme that is known to be insensitive to adenine-methylation (either BamHI or PvuI) and a second that is
known to be inhibited by this modification. Note that BamHI was only used in the control samples (lanes 5 and 6) and in combination with AseI, PstI
and ScaI restriction. The latter three sites are located very close to the PvuI site of pBR322 and would therefore yield products that are not distinguishable
from linear pBR322. Lanes 1, 3, 5. . . ..25: unmethylated pBR322 DNA isolated from E. coli ER2796 cells. Lanes 2, 4, 6. . . .26: equivalent DNAs after in
vitro methylation with recombinant M.EcoGII. M1 = 1 kb DNA Ladder 0.5–10.0 kb (NEB).

and 18 rA residues in the DNA and RNA strands, respec-
tively. LC–MS analyses of the reaction products revealed
that 43% of total dA bases were converted to m6dA and
10% of total rA bases were in the form of m6rA (Figure 5B).
To quantify activity of M.EcoGII on ssRNA we prepared
a 1.7 kb transcript that encodes the 5′-end of a luciferase
mRNA using in vitro transcription. The M.EcoGII-treated
RNA sample was degraded to nucleosides and duplicate
samples were analyzed (using the LC–MS assay) revealing
that >32% of rA bases were converted to m6rA (Figure 5C).
M.EcoGII, therefore, appears to methylate RNA substrates
less efficiently than duplex DNA. This likely reflects subop-
timal enzyme substrate interactions arising from the confor-
mational heterogeneity of single-stranded RNA - and po-
tential for forming stable secondary structures - compared
to duplex DNA.

Bioinformatic analyses

M.EcoGII, is a member of a very large family of DNA
MTases found in different strains of E. coli and located in
what appears to be a well-defined prophage. It is extremely
similar (333 of 349 amino acids are identical) to M.EcoGI,
which also appears to be encoded on a prophage in the same
strain. A very similar MTase is found in the E. coli phage
1720A-02 and also in a number of known Enterobacterial
phages. A few representative examples are listed in Supple-
mentary Table S1.

The sequences of M.EcoGII, the close homolog from the
same strain (M.EcoGI), and the additional homologs listed
in Supplementary Table S1 appear to be typical examples
of the �-class of DNA methyltransferases which contain a
canonical N-terminal catalytic (‘DPPY’) motif followed by

a centrally-located target recognition domain (TRD) and a
C-terminal S-adenosylmethionine-binding (‘FxGxG’) mo-
tif. We do not find evidence of additional domains or novel
sequence elements in M.EcoGII that might be potentially
associated with non-specific methylation of dA and rA
bases and are skeptical that any need be invoked. This is
because we assume that––in strictly energetic terms––base-
flipping to present an extrahelical adenine to a MTase ac-
tive site is no more challenging if that adenine be present
at the fifth position of a PstI site (CTGCAG), the second
position of a dam site (GATC), or a solitary A in any se-
quence context as is the case with M.EcoGII. We also note
that––in contrast to M.EcoGII and M.EcoGI––the promis-
cuous adenine MTases described previously by Drozdz et
al. (15) are of the �-class wherein the motif sequences are
reversed (i.e. N-terminal ‘FxGxG’, central ‘TRD’ and C-
terminal ‘DPPY’), demonstrating that two distinct enzyme
architectures can catalyze promiscuous methylation of dA
bases in DNA.

The structures of five �-class MTases, M1.MboII,
M.RsrI, M.PvuII, M.HpyAVI and EcoP15I modA have
been determined by X-ray crystallography but only the lat-
ter was determined in the presence of a DNA substrate.
We therefore used PHYRE2 to thread the M.EcoGII se-
quence onto the known MTase structures with the various
models being aligned to the M.EcoP15I-DNA complex. In
all cases the M.EcoGII core domain, including the canon-
ical FxGxG (AdoMet-binding) and DPPY (catalytic) mo-
tifs, model well (Figure 6, panel A, center). In the context
of the putative target recognition domain (Figure 6, panel
A, lower left) structural models were only predicted us-
ing the M.RsrI, M1.MboII and M.EcoP15I structural tem-
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A

pRRS:M.EcoGII m6dA / ( m6dA + dA)
In vivo‐A1A 85.9%
In vivo‐A1B 86.0%
In vivo‐B1A 85.8%
In vivo‐B1B 85.9%
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Figure 2. Extent of M.EcoGII methylation of plasmid DNA in vivo and in vitro. (A) In vivo assay. Plasmid pRRS:M.EcoGII, a high-copy replicon that
expresses M.EcoGII, was introduced into methylation-deficient ER2796 E. coli cells by transformation. Plasmid DNA was recovered from stationary phase
cultures of two independent isolates after growth at 37◦C for 20 h. pRRS:M.EcoGII and unmethylated pRRS vector control DNAs were restricted with
either PvuI alone (lanes 1, 2 and 3) or PvuI plus MboI (lanes 4, 5 and 6). As PvuI activity is insensitive to m6A modification all samples are fully restricted
by PvuI (lanes 1–6) but only the unmethylated pRRS vector control DNA is sensitive to MboI restriction (lane 6). M1 = 1 kb DNA Ladder 0.5–10.0
kb (NEB). M2 = 100 bp DNA ladder 0.1–1.5 kb (NEB). (B) LC–MS analysis of pRRS:M.EcoGII plasmid isolates. DNA samples were converted to
nucleosides and analyzed in duplicate using LC–MS. In each sample, 86% of the dA bases were methylated in vivo. (C) Analysis of M.EcoGII methylation
activity in vitro. Duplicate assays containing 10 �g pUC19 plasmid DNA and 320 �M SAM were set-up on ice and 0.1 ml aliquots of each were removed
and snap-frozen in a dry-ice/ethanol bath (as unmethylated control samples). The remainder of each sample was placed in a 37◦C water-bath, M.EcoGII
enzyme (1 �M) was added and additional 0.1 ml samples were removed and snap-frozen after 4, 8, 16, 32 and 64 minutes of incubation at 37◦C. Methylated
DNAs were restricted with BamHI and TaqI. M1 = 1 kb DNA Ladder 0.5–10 kb and 100bp DNA Ladder 0.1–1.5 kb (NEB). (D) Time-course of M.EcoGII
methylation in vitro. After 4 minutes, 50% of dA is present as m6dA, increasing to over 84% after 64 min. LC–MS data for the individual assays and time
points are presented in Supplementary Table S2.

plates. Of these, only the M.EcoGII model derived from
threading using the M.EcoP15I template predicts signifi-
cant structural concordance in the form of conserved sec-
ondary structural elements (Figure 6, panel B). As a conse-
quence, we believe that the molecular details of M.EcoGII
function are best addressed by X-ray crystallography. How-
ever, the M.EcoGII crystals that we have prepared to date
are of insufficient quality to permit structure determination.

It appears likely that these phage encoded MTases are be-
ing exploited to overcome host restriction systems during
infections, which may account for their widespread distri-
bution. However, once the phage becomes lysogenic in its
host, the MTase appears to be rendered transcriptionally
silent as judged by the failure to detect extensive methyla-
tion of the chromosome in the native strain from which it
was originally isolated. Presumably, this is to avoid exces-
sive methylation of the host chromosome, which might be

expected to interfere with transcription and replication. In-
deed, E. coli strains overexpressing M.EcoGII on a plasmid
grow more slowly than the parent strain lacking the plasmid
and its encoded MTase.

DISCUSSION

In this work we describe the enzyme M.EcoGII which ap-
pears to be the first truly non-specific adenine DNA methyl-
transferase. The enzyme is able to methylate dA residues
in any sequence context as demonstrated by inhibition
of multiple restriction endonucleases with known methy-
lation sensitivities. Using supercoiled plasmid DNA, we
demonstrate––using LC–MS analyses of methylated DNA
products––that up to 96% of dA bases can be methy-
lated in vitro, increasing to 99% for linearized equivalent
(i.e. relaxed) plasmid substrates. We find that M.EcoGII
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Plasmid DNA 
(SC) m6dA / ( m6dA + dA)
pUC19 GII mod 

%4.29x1
pUC19 GII mod 

%9.592x
pUC19 (dam+) 2.3%

Plasmid DNA (LIN) m6dA / ( m6dA + dA)

pUC19 GII mod 2xA 99.1%

pUC19 GII mod 2xB 99.1%

pUC19 (dam+) 2.2%

M    1x    2x     C     M
C

M       2xA     2xB         C          M

D
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B

DpnI DpnI MboI MboI

E

M      U     GII     U     GII     M
1 2      3       4     

Figure 3. M.EcoGII methylates up to 99% of the dA residues in plasmid pUC19 DNA substrates and can be used for genome-wide methylation in vitro. (A)
Supercoiled pUC19 plasmid DNA (20 �g) was methylated with M.EcoGII enzyme (1 �M) and 320 �M SAM in vitro, purified by phenol extraction and
ethanol precipitation (lane 1x), then an aliquot was re-methylated using the same protocol (Lane 2x). Each experimental sample and the unmodified dam+
control DNA (lane C) were restricted using PvuI and BspHI endonucleases. BspHI cleaves DNA between the first and second nucleotide of TCATGA
sequences and its activity is blocked by methylation of either of the dA bases. M = 2-log DNA Ladder 0.1–10.0 kb (NEB). (B) LC–MS data for experimental
and control DNA samples. (C) pUC19 plasmid DNA was linearized by SmaI restriction and duplicate samples (2 �g) were subjected to two cycles of
methylation using M.EcoGII (1 �M) and 160 �M SAM in vitro. Methylated DNAs were recovered by phenol extraction followed by ethanol precipitation.
An aliquot of each sample (lanes 2xA, 2xB) and unmethylated (dam+) control DNA (lane C) were restricted using TaqI endonuclease. (D) LC–MS data
for experimental and control DNA samples. (E) Genomic DNA was isolated from E. coli ER2796 cells (which lacks all E. coli DNA MTase activities)
and a 20 �g sample was methylated in vitro using M.EcoGII (2 �M) and 320 �M SAM. Lanes 1, 3: unmethylated (ER2796) gDNA samples. Lanes 2, 4:
M.EcoGII-methylated (ER2796) gDNA samples. Lanes 1, 2: DpnI (GATC) restricted samples (DpnI requires adenine methylation of both DNA strands
for efficient cleavage activity). Lanes 3, 4: MboI (GATC) restricted samples (MboI activity is inhibited by adenine hemi or complete methylation). M = 1
kb-Extend DNA Ladder 0.5–48.5 kb (NEB).

dsDNA

ssDNA

BA C

M   DS    SS   M
m6dA / ( m6dA + dA)

M13mp18 dsDNA‐A 84.2%
M13mp18 dsDNA‐B 84.3%
M13mp18 ssDNA‐A 78.6%

M13mp18 ssDNA‐B 78.4%

Figure 4. M.EcoGII methylates single-stranded and duplex DNA substrates with near equivalent efficiency in vitro. (A) Radioactive assay of M.EcoGII
activity using double- and single-stranded oligonucleotide substrates (2�M) containing a single dA nucleotide. Assays used 50mM HEPES buffer, pH
7.0, 0.1 mM EDTA and 3.7 �M [3H-SAM] and were incubated for 10 min at 37◦C. (B) and (C) M.EcoGII methylation of single- and double-stranded
M13mp18 bacteriophage DNAs in vitro and quantitation of m6dA content using LC–MS. DNA samples (2 �g) were methylated in vitro using M.EcoGII
(2 �M). M = 1 kb-Extend DNA Ladder 0.5-to 48.5 kb (NEB).
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BA

C

ds-DNA  5’-TGACATGAACACAGGTGCTCAGATAGC-3’ (top)
3’-ACTGTACTTGTGTCCACGAGTCTATCG-5’ (bottom)

RNA/DNA 5’-UGACAUGAACACAGGUGCUCAGAUAGC-3’ (top)
3’-ACTGTACTTGTGTCCACGAGTCTATCG-5’ (bottom)

M   RNA    M

ssRNA m6rA / ( m6rA + rA)

F‐luc RNA‐A 32.7%
F‐luc RNA‐B 32.5%

RNA:DNA duplex m6dA / ( m6dA + dA)

DNA‐A 43.2%
DNA‐B 43.4%

m6rA / ( m6rA + rA)

RNA‐A 9.9%
RNA‐B 9.9%

DNA 5’-CGTGAATAGTTTCCTGGATTCGAGGTCCTAGGTACCTATTAATTTTCG-3’ 
3’-GCACUUAUCAAAGGACCUAAGCUCCAGGAUCCAUGGAUAAUUAAAAGC-5’ RNA

Figure 5. Activity of M.EcoGII on RNA:DNA hybrid duplex and single-stranded RNA substrates in vitro. (A) Radioactive assays of M.EcoGII activity
using 27mer ssRNA, ssDNA, dsDNA and RNA:DNA hybrid substrates (2 �M) in vitro. Assays used 50mM HEPES buffer, pH 7.0, 0.1mM EDTA and
3.7 �M [3H-SAM] and were incubated for 10 min at 37◦C. (B) Methylation of a synthetic 48mer DNA:RNA hybrid oligonucleotide substrate (0.5 �M)
containing 10 dA bases in the DNA strand and 18 rA bases in the RNA strand, Assay used 50 mM HEPES buffer pH 7.0, 1.0 mM EDTA, 320 �M SAM
and M.EcoGII (1 �M). After incubation at 37◦C for 60 minutes m6dA and m6rA products were quantified using LC–MS. (C) M.EcoGII-methylation of
a 1.7 kb in vitro transcribed RNA (5 �g) followed by agarose gel electrophoresis and analysis of m6rA content using LC–MS. Reaction conditions were
identical to those used with the DNA:RNA hybrid substrate but incubation at 37◦C was extended to 120 min. M = 1 kb-DNA Ladder 0.5-to 10.0 kb
(NEB).

methylates single-stranded oligonucleotide and M13 mp18
virion DNA substrates almost as efficiently as equal quan-
tities of double-stranded oligonucleotide or M13 mp18 RF
DNA. Finally, we show that M.EcoGII has robust activ-
ity on single-stranded RNA substrates prepared using in
vitro transcription and on both strands of RNA/DNA hy-
brid oligonucleotide substrates, albeit to a lesser extent than
what is achievable using single-stranded or duplex DNA.

While, in vitro, we have been able to achieve very high
levels of methylation, in an in vivo context it is likely that
even partial methylation is more than sufficient for a phage
to overcome host restriction systems. The strategy of com-
pletely methylating one or more of the bases in a phage
DNA genome, has been described previously, including the
well-known case of T-even phages, which incorporate 5-
hydroxymethylcytosine into their genome during replica-
tion and then further decorate it with glucosyl residues fol-
lowing replication (20,21). There are some phages infecting
many different genera of bacteria, which use a variety of dif-
ferent modifications, presumably also to overcome restric-
tion barriers (22,23). Xanthomonas phage XP12 has only
C5-methylcytosine in its genome, although these are incor-
porated during replication (24). Other phages frequently

pick up individual MTases such as the GATC MTase and
others with more specific recognition sequences (25,26). The
phenomenon is especially common among mycobacterio-
phages, which frequently have a variety of different DNA
MTases in their genomes (13,27).

One interesting finding is that neither M.EcoGI nor
M.EcoGII is expressed in the genome of E. coli strain,
O104:H4 C227–11 during normal growth. At the time it was
thought that they might just be following the usual practice
of prophage genes, which tend not to be expressed while the
prophage is in its lysogenic state, but get turned on when
the prophage excises. In this case, our attempts to obtain
constitutive expression of M.EcoGII, and the subsequent
deleterious effects on the health of the cell, indicate why its
expression in the genome is switched off. It could have a
very adverse effect on growth of the cell and so is likely just
switched on as the prophage is ready to excise and launch a
new infection.

The fact that M.EcoGII is non-specific, immediately sug-
gests that this property might be exploited in a variety of
different situations. For instance, restriction barriers are
very common in bacteria and archaea, but often the pre-
cise specificity of the restriction system is unknown. Since
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DPPY   catalytic moDPPY    catalytic motif

Figure 6. Predictions of M.EcoGII structure using PHYRE2 analyses. (A) Alignment of predicted structural models for M.EcoGII to the M.EcoP15I:DNA
structure (PDB: 4zcf). EcoP15I ModA (cyan) and the DNA are experimentally determined structures. The various predicted M.EcoGII structure models
were derived from threading onto available MTase structures as follows: green - EcoP15I ModA (pdb:4zcf, CAGCAG); magenta - M1.MboII (pdb:1g60,
GAAGA); yellow––M.RsrI (pdb:1nw6, GAATTC); wheat––M.PvuII (pdb:1boo, CAGCTG); gray––M.HpyAVI (pdb:5hfj, GAGG). The AdoMet binding
residues (FxGxG motif) and catalytic residues (DPPY motif) of the M.EcoGII models are shown as white, red and blue spheres. Note lack of consensus
among the predicted structures for the putative DNA binding/TRD domain (lower left, contacting DNA) versus the high degree of consensus for the
methyltransferase structural core (upper middle). (B) Alignment of the EcoP15I ModA:DNA crystal structure and the predicted M.EcoGII structure
derived from threading. The experimentally-determined TRD domain of EcoP15I ModA (cyan) and the predicted M.EcoGII model (green) appear to be
similar with several secondary structural elements in common.

many systems employ Type I and III restriction enzymes
as the principal barrier to control against infection, a non-
specific dA MTase would be most useful. This is because in
most Type I and III systems, protection against the action of
the restriction enzyme is achieved by dA methylation (13).
In principle, many ‘difficult-to-transform’ strains of bacte-
ria reported in the literature might be rendered amenable
to genetic manipulation. In practice, however, this appears
not to be the case because M.EcoGII-catalyzed methylation
of plasmid DNAs inhibits bacterial transformation. For ex-
ample, using competent cells prepared by calcium chloride
treatment, we find that M.EcoGII-modified pBR322 DNA
(containing 80% m6dA) transforms non-restricting labora-
tory strains of E. coli 4–5 orders of magnitude less efficiently
than dam-methylated pBR322 control DNA.

Another potential application for this MTase will be in
protection experiments to detect the binding sites for pro-
teins that interact with DNA and RNA substrates. In the
former case, less specific DNA MTases have been used for
this purpose (28), but that of course greatly limits the accu-
racy with which the binding site can be defined.
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