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In prokaryotic genomes, some DNA methyltransferases form a restriction-modification gene complex, but
some others are present by themselves. Dcm gene product, one of these orphan methyltransferases found in
Escherichia coli and related bacteria, methylates DNA to generate 5�-CmCWGG just as some of its eukaryotic
homologues do. Vsr mismatch repair function of an adjacent gene prevents C-to-T mutagenesis enhanced by
this methylation but promotes other types of mutation and likely has affected genome evolution. The reason for
the existence of the dcm-vsr gene pair has been unclear. Earlier we found that several restriction-modification
gene complexes behave selfishly in that their loss from a cell leads to cell killing through restriction attack on
the genome. There is also increasing evidence for their potential mobility. EcoRII restriction-modification gene
complex recognizes the same sequence as Dcm, and its methyltransferase is phylogenetically related to Dcm.
In the present work, we found that stabilization of maintenance of a plasmid by linkage of EcoRII gene
complex, likely through postsegregational cell killing, is diminished by dcm function. Disturbance of EcoRII
restriction-modification gene complex led to extensive chromosome degradation and severe loss of cell viability.
This cell killing was partially suppressed by chromosomal dcm and completely abolished by dcm expressed
from a plasmid. Dcm, therefore, can play the role of a “molecular vaccine” by defending the genome against
parasitism by a restriction-modification gene complex.

Epigenetic methylation of DNA is a prominent phenome-
non in many organisms. It occurs after passage of the replica-
tion fork and involves enzymatic transfer of a methyl group to
specific bases on the DNA. The specific methylation of certain
cytosine residues to 5-methylcytosine (5-mC) has been shown
to affect gene expression in several organisms. In several eu-
karyotes, C-5 methylation is known to inactivate transposons
and may have been maintained as a mechanism to defend the
genome from genomic parasites (51). In the prokaryotes, many
DNA methyltransferases are found as a component of a re-
striction-modification (RM) gene complex. Some methyltrans-
ferases are found paired with a restriction enzyme gene inac-
tivated by a mutation (20, 25, 30), while others are not paired
with a restriction enzyme homologue. Dcm in Escherichia coli
and related bacteria is one of these “orphan” methyltrans-
ferases (39).

In the E. coli chromosome, approximately 1% of the cyto-
sine residues are methylated by Dcm to generate the sequence
5�-CmCWGG (W � A or T) (39). 5-mC can deaminate to form
thymine, which can lead to the production of C-to-T muta-
tions. This mutation is prevented by the product of a contigu-
ous gene, vsr, through the very-short-patch mismatch repair
reaction (28, 46). However, Vsr can increase other types of
mutation under some other conditions, and the actions of Dcm
and Vsr most likely have affected genome evolution (6, 11, 13,

29, 31). The reason for the existence of the dcm-vsr gene pair
in bacteria has remained unclear.

The only phenotype observed in dcm mutants is susceptibil-
ity of their DNA to restriction by EcoRII endonuclease (18,
45), which recognizes the same sequence as Dcm (according
to the REBASE website [http://rebase.neb.com/rebase/rebase
.html]). A type II restriction modification (RM) system, such as
EcoRII, consists of a restriction endonuclease and a cognate
methyltransferase that methylates the same recognition se-
quence to protect it from the cleavage (42). EcoRII methyl-
transferase (M � EcoRII) and Dcm share a large degree of
sequence similarity (46) and are likely to be phylogenetically
related to each other as detailed below. The EcoRII RM sys-
tem was found in drug resistance transfer plasmids (48).

It is widely believed that the evolution and maintenance of
RM genes was driven by the cell’s need to protect itself from
foreign DNA, such as viral or plasmid DNA. There are, how-
ever, several issues that are not satisfactorily explained only by
this concept of cellular defense (23, 24). Previously we found
that several type II RM gene complexes are not easily lost from
their host cells when challenged by a competitor genetic ele-
ment (16, 35, 36). The descendants of cells that fail to inherit
an RM gene complex become unable to modify a sufficient
number of restriction recognition sites on their chromosomes,
which results in chromosome cleavage by the remaining pool of
restriction endonuclease and cell lethality (14, 15, 35). This
type of “postsegregational killing” has been recognized as a
plasmid maintenance mechanism (9). However, we found that
chromosomal RM gene complex also shows such host killing
when challenged by an allelic gene (16). This cell killing would
confer a competitive advantage on RM gene complexes. The
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capacity to act selfishly may have contributed to the spread and
maintenance of RM systems (23, 24), although we think that
RM elements would confer advantage to the host genome by
fighting with invaders under many circumstances. There are
increasing lines of observations in harmony with behavior of
RM systems as selfish genetic elements (24). These include
their mutual competition for recognition sequences (27), su-
perinfection exclusion (37), restriction site avoidance in bacte-
rial genomes (8, 43), and responses to DNA double-strand
breaks by bacterial recombination repair systems (15). Fur-
thermore, recent genome sequence comparisons strongly sug-
gest that RM gene complexes are mobile genetic elements that
have modeled bacterial genomes (1, 5, 24, 38). Indeed an
attempt to replace a chromosomal RM gene complex led to
genome rearrangements in the laboratory (16).

Dcm-proficient cells that have disturbed the EcoRII RM
gene complex would be expected to survive if methylation of
the EcoRII endonuclease (R � EcoRII) recognition site were
assured by the Dcm methylase (Fig. 1, panel ii). In the present
work, we tested this prediction. Our results suggest that Dcm
can play the role of a live vaccine to defend the genome from
parasitism by an RM gene complex.

MATERIALS AND METHODS

Phylogenetic analysis. Homologues of E. coli Dcm were sought with BLASTp
(2) in the REBASE database and with tBLASTn in the GenBank Microbial
Genome Databases (http://www.ncbi.nlm.nih.gov). Amino acid sequences of CC-

WGG-recognizing and related homologues were aligned with CLUSTALX (49).
Their phylogenetic tree was inferred using a neighbor-joining algorithm in
PAUP� (version 4; Sinauer Associates, Sunderland, Mass.). Bootstrap probabil-
ities (in percentage) were obtained for 1,000 runs. The following sequences were
used (with accession numbers in parentheses): M � EcoKDcm (gb/X13330),
M � EcoRII (gb/X05050), M � HpaII (gb/L17342), M � SsoII (gb/M86545).
M � StyD4I (gb/D73442), M � StyDcmIP (gb/AF076014), M � NmeAORF1500P
(gb/AL162759), M � StyR27ORF154P (gb/AF250878), M � DsaV (gb/U10528),
Salmonella enterica serovar Typhi (emb AL627272), and S. enterica serovar En-
teritidis (gnl/UIUC-592), M � SpomI (gn/X82444), M � HsaIIP (gn/AJ223333),
M � MmulIP (gn/AF045889), and M � DmeORFAP (gn/AE185647).

Bacterial strains. The strains used were E. coli GM30 (F� �� thr-1 araC14
leuB6 fhuA31 lacY1 tsx-78 glnV44 galK2 galT22 hisG4 rpsL136 xylA5 mtl-1 thi-1)
(34) provided by M. Marinus; GM31 (F� �� thr-1 araC14 leuB6 fhuA31 lacY1
tsx-78 glnV44 galK2 galT22 dcm-6 hisG4 rpsL136 xylA5 mtl-1 thi-1) (34) provided
by M. Marinus; JC8679 [F� �� thr-1 araC14 leuB6 � (gpt-proA)62 lacY1 tsx-33
glnV44 galK2 sbcA23 his-60 recC22 relA1 recB21 rpsL31 xylA5 mtl-1 argE3 thi-1]
(10) from A. J. Clark; and BNY451, which is dcm-6 zed-508::Tn10 version of
JC8679 made by transduction with P1vir phage.

Plasmids. The plasmids used (along with RM genotype, replication unit, drug
resistance, other properties, and source or reference) are as follows: N3 (EcoRII
r� m�, R factor, Tetr, S. Hattman [17]), pHSG415 (no RM, pSC101ts, Ampr

Cmlr Kanr, temperature sensitive; J. Kato [14]),pKK-D (dcm�, ColE1, Ampr,
dcm is overexpressed from the synthetic trc promoter; C. G. Cupples [31]),
pKK-DV (dcm� vsr�, ColE1, Ampr, dcm and vsr are overexpressed from the
synthetic trc promoter; C. G. Cupples [31], and pKK233-2 (no RM, ColE1,
Ampr, parental vector for pKK-D and pKK-DV; C. G. Cupples).

The drug resistance transfer factors N-3 and R15 (� RTF-2) control EcoRII
RM specificity (44, 48). EcoRII restriction enzyme was isolated and purified from
R15 (52). We used N-3 as a source of EcoRII restriction modification gene
complex. A 3,026-bp fragment including the EcoRII RM gene pair was amplified
with primers RII-1 (5�-GGCCCGGGCATAGTCGAGATTGGTGCAGA-3�)
and RII-2 (5�-GGCCCGGGTCATCCATACCACGACCTCAA-3�) from plas-
mid N3. Each PCR primer has an artificial SmaI site in its 5� end (underlined).
The fragment was digested with SmaI before inserting it into the SmaI site of
pUC19 to generate pNY30 (EcoRII r� m�, ColE1, Ampr). Plasmid pNY35
(EcoRII r� m�, pSC101ts, Cmlr) was constructed by replacing an FspI-SmaI
fragment of pHSG415 with a SmaI fragment of pNY30. pNY45 (EcoRII r� m�,
pSC101ts, Cmlr) was constructed by inserting a KpnI linker (TAKARA) into the
BamHI site in the r gene of pNY35. These plasmids were transferred to JC8679
and BNY451.

Measurement of plasmid maintenance. All the cultivation procedures were
carried out at 30°C. A single colony on Luria-Bertani (LB) agar with chloram-
phenicol (CML) (20 �g/ml) was suspended in 5 ml of LB liquid medium with
CML (20 �g/ml) and grown overnight with aeration. The saturated culture was
diluted 1:100 and grown again in LB liquid medium with CML (20 �g/ml) until
the the log phase was reached (1 � 108 to 2 � 108 cells/ml). Aliquots of the
culture were spread onto LB agar to measure viable cells and onto LB agar with
CML (20 �g/ml) to measure cells carrying the plasmid. The culture was diluted
10�5 to 10�6 to obtain approximately 103 cells/tube for growth without antibiotic
selection in order to earn approximately 20 generations in one overnight period.
The overnight culture was diluted 10�6 for growth. The fraction of cells carrying
plasmid was calculated as number of Cmlr colony formers/the number of colony
formers on LB agar without antibiotics. The generation number was calculated
from the viable cell count.

Plate assay for detection of cell growth inhibition. Strains carrying one of the
above RM plasmids were grown at 30°C in LB broth containing appropriate
selective antibiotics until the optical density at 660 nm (OD660) of the culture
reached 0.3. Five microliters of the culture was streaked on two LB agar plates
lacking the antibiotics selective for RM plasmids. One plate was incubated at
30°C, and another plate was incubated at 40°C. Plates were photographed after
20 h of incubation. Details of the procedure have been described previously (15).

Cell death following disturbance of the RM gene complex. Strains carrying one
of the RM plasmids were grown at 30°C in LB broth containing appropriate
selective antibiotics until the OD660 of the culture reached 0.3. Then, the cells
were centrifuged, suspended in LB broth lacking CML, and incubated at 40°C.
The cells were diluted whenever the OD660 of the culture reached 0.3. Total cell
numbers were counted with a microscope. The number of viable cells is defined
as the number of colony formers on LB agar plates lacking CML. The number of
cells carrying the RM plasmid is defined as the number of colony formers on LB
agar plates containing CML and other appropriate selective antibiotics. The cells
were harvested, fixed, and microscopically observed as described earlier (14, 15).
Details of these procedures were described previously (14, 15).

FIG. 1. Experimental design: postdisturbance killing by EcoRII
and its prevention by Dcm methylase. (i) Postdisturbance killing by the
EcoRII RM gene pair. (1) R � EcoRII and M � EcoRII are expressed
from an EcoRII RM gene pair on a plasmid. M � EcoRII modifies its
recognition sequence, 5�-CCWGG, on the chromosome. (2) Some
disturbance of EcoRII RM occurs. When M � EcoRII cannot modify all
the recognition sites along the newly replicated chromosome, the re-
maining level of R � EcoRII cleaves the chromosome at the unmodified
sites and kills the cell. (ii) Prevention of the cell killing by Dcm
methylation (prediction). (1) Dcm, in addition to M � EcoRII, modifies
CCWGG. (2) When disturbance of EcoRII RM occurs, Dcm continues
to modify the CCWGG sequence. R � EcoRII cannot cleave the chro-
mosome, and the cell survives. Canvas software was used to produce
this figure.
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Analysis of chromosomal DNA degradation. Cultures of strains carrying an
RM plasmid were shifted from 30 to 40°C. The cells were embedded in an agar
plug and processed for pulsed-field gel electrophoresis. The DNA was electro-
phoresed by CHEF-DR III variable angle system (Bio-Rad, Hercules, Calif.)
under the following conditions: (i) multistate mode, 20-h run time, 50-s switch
time ramp, 120° included angle, 6 V/cm, 0.5� Tris-borate-EDTA at 14°C, 1.0%
SeaKem GTG agarose (FMC, Rockland, Maine) or (ii) 20 h-run time, 4- to 50-s
switch time ramp, 120° included angle, 6 V/cm, 0.5� Tris-borate-EDTA at 14°C,
1.0% SeaKem GTG agarose for XbaI-digested DNA. E. coli strain JC8679 and
an isogenic dcm-6 strain BNY451 were used because it is difficult to detect
chromosome degradation in recBC� strains (14, 15). Cell killing was found to be
attenuated by the chromosomal dcm gene and to be completely suppressed by
the Dcm plasmid in this JC8679 background (data not shown).

RESULTS

Phylogenetic relationships between Dcm, M � EcoRII and
other 5�-CCWGG-recognizing DNA C-5 methyltransferases. A
phylogenetic tree for the homologues of E. coli Dcm is shown
in Fig. 2. Some of the homologues have been shown to be a
component of an RM system as EcoRII methylase, while some
others do not appear so and might be orphan methylases as
Dcm (REBASE). Close dcm homologues were present in Sal-
monella species, S. enterica serovar Typhi, S. enterica serovar
Paratyphi (data not shown), S. enterica serovar Typhimurium,
and S. enterica serovar Enteritidis. A dcm homologue in Kleb-

siella pneumoniae was truncated and excluded from analysis.
Its distribution is in accord with the distribution of Dcm-type
methylation at 5�-CCWGG sequences (12). Each of these Dcm
homologues was followed by a sequence very similar to that of
the E. coli vsr gene. E. coli Dcm and Salmonella Dcm homo-
logues form a strongly supported monophyletic group. The
dcm homologues, EcoRII methylase, and an orphan methylase
found in a Salmonella plasmid form a distinct clade among
these methylases as found in a preceding study (3).

EcoRII methylase recognizes the same sequence, 5�-CC-
WGG, as Dcm. RM systems recognizing this sequence are
frequently encountered in diverse bacterial groups (RE-
BASE). The seven methylases in the upper part of Fig. 2 that
recognize (or likely recognize) this sequence shared homology
in the target recognition domain as well as the motifs specific
to C-5 methylases. Such sequence homology in the target rec-
ognition domain was also seen in M � SsoII and M � DsaV,
which recognize CCNGG, but not in HpaII, which recognizes
CCGG.

Among the eukaryotic C-5 methylases, which were distantly
related to Dcm and M � EcoRII, one found in Schizosaccharo-
myces pombe recognizes the same sequence of CCWGG (40).
This enzyme forms a clade with a Drosophila melanogaster

FIG. 2. Phylogenetic tree for Dcm and several CCWGG-recognizing DNA C-5 methyltransferases. A neighbor-joining tree from the amino acid
sequences is shown with bootstrap values (in percentages) at the branches. Each methyltransferase name is followed by gene organization,
recognition sequence, and organism name. Based on data taken from the REBASE and NCBI (http://www.ncbi.nlm.nih.gov) databases. Illustrator
software was used to produce this figure. For current Salmonella nomenclature, see, for example, http://www.bacterio.cict.fr/salmonellanom.html.
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methylase and Dnmt2 family of mammalian methylases (7)
(Fig. 2). CmCWGG DNA methylation has been linked to gene
silencing in lymphoma (32).

This phylogenetic tree is in harmony with the previous ones
(3, 22, 33).

Effect of dcm on maintenance of an EcoRII plasmid. Earlier
we demonstrated that a plasmid carrying one of several RM
gene complexes is stably maintained because its loss leads to
cell death (postsegregational killing) (4, 14, 15, 35, 36, 37). We
compared stability of maintenance of a plasmid carrying Eco-
RII RM gene complex in the dcm� and dcm-6 backgrounds.
We had cloned the EcoRII RM gene complex from plasmid
N-3 and inserted it into a well-defined unstable plasmid
pHSG415 (Materials and Methods). An E. coli strain, JC8679
(recBC sbcA), was used as a host at 30°C because of instability
of plasmid maintenance. The large stabilization in the dcm-6

background was found reduced in the dcm� background (Fig.
3). This result is in harmony with our hypothesis that genome
methylation by Dcm defends genome from postsegregational
attack by the EcoRII RM gene complex (Fig. 1).

Strong cell death after disturbance of the EcoRII RM gene
complex. We also tried a plate assay for cell killing (15) with
this vector (pHSG415) in a rec� host strain (Fig. 4). The cells
were grown at 30°C in liquid medium containing selective
antibiotics for the plasmid and then streaked on agar medium
without selective antibiotics. The plates were then incubated
overnight at 30 or 40°C. Colony formation of cells was mark-
edly inhibited at 40°C (Fig. 4), whereas colony formation of
cells that had carried the control EcoRII restriction mutant
plasmid was not inhibited (Fig. 4). At 30°C, the restriction-
positive and restriction mutant cells showed comparable
growth (Fig. 4). This growth inhibition can be explained by
lethal attack of the restriction enzyme molecules on the chro-
mosome of the cells. The growth inhibition was much stronger
than that seen with EcoRI RM (15) (Fig. 4, lower parts of the
circular plates) or with PaeR7I (A. Ichige and I. Kobayashi,
unpublished data) using a similar plasmid construction.

We then monitored the kinetics of cell growth inhibition
after the temperature shift in liquid medium. As expected, the
EcoRII restriction mutant cells continued to grow normally,
while the increase in the number of plasmid-carrying viable
cells gradually slowed down (Fig. 5A, panel iv). This is exactly
as expected, because the pHSG415 replicon shows slower rep-
lication at 40°C. However, in cells with EcoRII RM, the tem-
perature shift led to a decrease in the total number of viable
cells and in the number of plasmid-carrying viable cells in the
dcm-6 cells (Fig. 5A, panel iii). The decrease was by 4 orders of
magnitude. This result is in sharp contrast to what we observed
earlier with EcoRI RM and PaeR7 RM—the temperature shift
leading to cessation or a slowing down of the increase of the
viable cells and of plasmid-carrying viable cells (15)—as ex-
pected if only those cells that have lost a plasmid die. The

FIG. 3. Effect of dcm on plasmid stabilization by linkage of EcoRII
RM gene complex. The cells were grown at 30°C in liquid medium in
the absence of antibiotic selection. The fraction of cells carrying plas-
mid, i.e., the number of Cmlr colony formers/the number of colony
formers on LB agar, were plotted as a function of the generation
number. JC8679, its dcm-6 derivative carrying pNY35 (EcoRII r� m�,
Cmlr), or its restriction-negative derivative, pNY45, was examined.

FIG. 4. Inhibition of colony formation after disturbance of the EcoRII RM gene complex. E. coli strain GM31 (rec� dcm-6) carrying pNY35
(pSC101ts, EcoRII r� m�, Cmlr), pNY45 (its r� version), pIK178 (pSC101ts, EcoRI r� m�, Cmlr), or pIK179 (its r� version) was grown with
antibiotics selective for the plasmid and then streaked on an agar medium without selective antibiotics as described in Materials and Methods.
Photoshop software was used to produce this figure.
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viability loss observed in the present work is not expected if
death occurs in a cell only after complete loss of the plasmid
molecules. Rather, this suggests the possibility that the tem-
perature shift somehow caused unbalance between R and M,
reduced chromosome methylation by M � EcoRII, and led to
chromosome breakage by EcoRII restriction at those unmod-
ified EcoRII sites and cell killing. We might call this process
presegregational killing or postdisturbance killing.

The total cell number measured under a microscope showed
no marked increase during the 3-h observation period (Fig. 5A,
panel iii). Most of the cells became filamentous (Fig. 6, first
row) as in the case with EcoRI (15). This filamentation was not
observed in the restriction mutant control (Fig. 6, second row).

Suppression of cell death by Dcm. Dcm, which recognizes
the same DNA sequence (5�-CCWGG) as EcoRII, would be
expected to inhibit cell killing induced by the disturbance of
the EcoRII RM gene complex (Fig. 1). We compared the

kinetics of cell death of isogenic dcm� strain and dcm-6 strain
in liquid culture. The drop in the total viable cell counts and in
the plasmid-carrying viable cell counts was not as dramatic in
the dcm� culture compared to the dcm mutant (Fig. 5A, panel
i). In the experiment shown, at 3 h after the temperature shift,
the cell viability (number of viable cell/total number of viable
cells) was 6.4 � 10�2. This was approximately 400-fold higher
than that of the dcm strain. The number of plasmid-carrying
viable cells was close to the number of total viable cells in the
dcm� strain and dcm strain. Most of the plasmid molecules
appeared to have been lost during the cell killing process. The
increase in the total cell count was larger than that in the dcm
strain (Fig. 5A, panel iii) but not as large as in the restriction
mutant control (Fig. 5A, panel ii). Most of the cells remained
filamentous (data not shown).

The dcm-6 mutation has a polar effect on vsr. When we used
a plasmid (pKK-D) in which dcm was expressed from a strong,

FIG. 5. Dcm methylase suppresses cell killing after disturbance of EcoRII RM gene complex. (A) Partial suppression by chromosomal dcm.
An E. coli strain GM30 (rec� dcm�) or GM31 (its dcm-6 version) carrying pNY35 (pSC101ts, EcoRII r� m�, Cmlr) or pNY45 (its r� version) was
aerated at 30°C in LB broth with CML, which selects for plasmid-containing cells. Then CML was removed, and the culture was transferred to
40°C. Total cells, viable cells, and plasmid-carrying viable cells were estimated as described in Materials and Methods. Each value was divided by
the value at time zero. (i) GM30 (dcm�) (pNY35 [EcoRII r� m�]); (ii) GM30 (dcm�) (pNY45 [r� version]); (iii) GM31 (dcm-6) (pNY35 [EcoRII
r� m�]); (iv) GM31 (dcm-6) (pNY45 [r� version]). (B) Complete suppression by overexpressed Dcm. E. coli strain GM31 (rec� dcm-6) carrying
two plasmids was aerated at 30°C in LB broth with CML and ampicillin, which select for plasmid-containing cells. Then, CML was removed, and
the culture was transferred to 40°C. Total cells, viable cells, and viable cells carrying the EcoRII plasmid were estimated. Each value was divided
by the value at time zero. ��, Dcm was overexpressed from a plasmid. (i) GM 31 (pKK-D [dcm overexpressed, Ampr], pNY35 [pSC101ts, EcoRII
r� m�, Cmlr]); (ii) GM31 (pKK-D, pNY45 [r� version of pNY35]); (iii) GM31 (pKK233-2 [vector for pKK-D], pNY35); (iv) GM31 (pKK233-2,
pNY45). DeltaGraph and Canvas softwares were used to produce this figure.

6104 TAKAHASHI ET AL. J. BACTERIOL.



constitutive promoter (trc) (31) in a dcm-6 strain, cell killing
after temperature shift of the cells carrying EcoRII genes was
completely suppressed (Fig. 5B, panel i). There was no de-
crease in the total viable cell count or in the total cell count.
The number of plasmid-carrying viable cells stopped increasing
and remained constant. These curves were indistinguishable
from those of the restriction-minus control (Fig. 5B, panel ii).
In a control experiment, the growth inhibition elicited by tem-
perature shift of the cells carrying the EcoRI RM gene com-
plex (as opposed to EcoRII RM) was not affected by dcm on
the chromosome or by dcm on the plasmid (data not shown).
The suppression effect of Dcm was, therefore, specific for
EcoRII. The cell filamentation was also suppressed by pKK-D
(Fig. 6, third row). Suppression was also observed with pKK-
DV (31) in which dcm and vsr were overexpressed (data not
shown).

Suppression of chromosomal DNA degradation. To confirm
that degradation causes cell death after cleavage by EcoRII in
vivo and that this process is modulated by dcm, whole cellular
DNA was analyzed by pulsed-field gel electrophoresis. The
cells were harvested at various time intervals after the temper-
ature shift, embedded in agarose plugs, and lysed in situ to
liberate the DNA for electrophoresis. In order to monitor the
amount of undegraded DNA, DNA was also treated with the
rare-cutting restriction enzyme XbaI in vitro before electro-
phoresis in a control experiment.

In dcm cells, the temperature shift of the EcoRII r� m�

gene complex resulted in the appearance of a smear composed
of DNA fragments of 200 to 700 kb (Fig. 7, lanes 3 and 4). Two
hours after the temperature shift, the DNA in the well also
started to disappear (lane 4). The decrease in the amount of

DNA (that is detectable within this gel) was clearly seen after
XbaI digestion in vitro (lane 14). No degradation of DNA was
detected in the restriction mutant control (lanes 11 to 13) or in
cells overexpressing dcm (lanes 8 to 10). In dcm� cells after
temperature shift of the EcoRII RM gene complex (lanes 5 to
7), DNA loss from the well was not as pronounced as in the
dcm cells, and the smear indicative of relatively large DNA
fragments (200 to 700 kb) was more abundant. The amount of
DNA found after XbaI digestion in vitro (lane 15) was again
between that of the dcm cells (lane 14) and that of the Dcm-
overproducing cells (lane 16). We conclude that the extent of
DNA degradation paralleled the extent in cell killing seen with
different combinations of dcm and EcoRII (Fig. 7).

DISCUSSION

Strong cell killing after disturbance of EcoRII RM gene
complex. The temperature shift of the cells carrying EcoRII
gene complex connected with pHSG415 led to a severe de-
crease in the numbers of viable cells and of plasmid-carrying
viable cells. This is in contrast to the results obtained with
EcoRI, PaeR7I, and EcoRV, which were carried by a similar
plasmid construct and tested by the same experimental proce-
dures (14, 15, 27, 35, 37). It appears that the cell killing took
place before the cell had completely lost its RM gene complex.
This is not postsegregational cell killing in the strict sense of
the word and may be called presegregational cell killing. Sim-
ilar inhibition of colony formation at 40°C was observed with
pBR322 and with pUC19 vectors (N. Takahashi and I. Koba-
yashi, unpublished observation). What we observed may have
been due to the lowered concentration and/or activity of the

FIG. 6. Dcm methylase suppresses cell filamentation after disturbance of EcoRII RM gene complex. The E. coli strain GM31 (dcm-6)
(pKK233-2 [vector], pNY35 [EcoRII r� m�]), GM31 (pKK233-2, pNY45 [r� version]), GM31 (pKK-D [dcm overexpressed], pNY35 [EcoRII r�

m�]), or GM31 (pKK-D, pNY45 [r� version]) was grown, harvested, fixed, and microscopically observed as described earlier (14, 15). Photoshop
software was used to produce this figure.
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EcoRII methylase after the temperature shift, which had re-
sulted in the exposure of unmethylated sites on the DNA to
lethal attack by the EcoRII restriction enzyme. Whatever the
mechanisms, the concept of postsegregational cell killing needs
to be enlarged to cover the concept of postdisturbance cell
killing. The latter term implies that disturbance of the RM
gene complexes can lead to attack on the genome and cell
killing.

The number of EcoRII recognition sites (5�-CCWGG) on
the E. coli genome is much larger than the number of EcoRI or
PaeR7I recognition sites (5�-GAATTC or 5�-CTCGAG).
However, the number of recognition sites cannot be the sole
determinant of the extent of cell killing, because SsoII, which
recognizes the sequence CCNGG and, therefore, has more
recognition sites on the E. coli genome than EcoRII, showed
less cell killing than EcoRII (4).

The sequence 5�-CCWGG represents one of the most com-
mon recognition sequences for RM systems identified so far.
For example, out of the 3392 RM systems in the REBASE
database (42), 225 recognize CCWGG. Indeed, the sequence
5�-CCWGG is significantly less frequent than expected in the
genome of Neisseria meningitidis and Vibrio cholerae (J. Posfai
and T. Vincze, REBASE).

Action of Dcm as a molecular vaccine against a parasitic
RM gene complex. E. coli Dcm methyltransferase, which shares
the same recognition site (CCWGG) as EcoRII, suppressed
the plasmid stabilization by linkage of EcoRII RM gene com-
plex and the cell death induced by the disturbance of the
EcoRII RM gene complex. In other words, the E. coli genome
can protect itself from the virulence of a parasitic RM gene
complex by utilizing a methyltransferase gene that recognizes

the same site as the RM complex. We do not know yet whether
Dcm is maintained because of this live vaccine effect, which
would defend the genome against parasitism by EcoRII RM
complexes and/or its isoschizomers.

The homology between M � EcoRII and Dcm suggests that
they may have a common ancestor (Fig. 2). From the phylo-
genetic analysis, one may speculate that some ancient bacte-
rium, threatened by parasitism with the EcoRII family, took up
an M � EcoRII gene, which later evolved into the dcm gene in
a group of bacteria. This type of “orphan” DNA methylases
turned out to be abundant, especially in the sequenced ge-
nomes (REBASE). Figure 2 shows an example of a pair of
orphan methylase and a methylase of an RM system recogniz-
ing CCNGG. A modification enzyme homologue is often
found next to a mutationally inactivated restriction homologue
(for example, see references 20, 25, and 30), and it would play
the same role and could be an intermediate form in evolution.

The natural level of expression of dcm on the chromosome
was effective against cutting by the EcoRII restriction endonu-
clease, but was insufficient to completely prevent cell killing
following the EcoRII RM replication block. Consistent with
this observation, some specific dcm sites on the E. coli chro-
mosome were found to be unmethylated in vivo (41). On the
other hand, overexpression of dcm completely protected
against cell death. If Dcm functions as a live vaccine, why was
the level of dcm expression insufficient to prevent cell death?
One possible explanation is the cost of cytosine methylation.
One kind of cost is gene expression, although there is no report
of effects of dcm on gene expression.

Another kind of cost of Dcm action is in its mutagenic
potential (see the introduction). The vsr gene, which can pre-
vent the mutation at 5-methylcytosine, can also introduce other
types of mutation and likely affects genome composition. Thus,
Vsr may be regarded as a sort of secondary drug to attenuate
the adverse side effects of the first drug but causes other un-
desirable effects. This might explain why this very-short-patch
repair system is present in the first place. Indeed, several RM
gene complexes have been found linked to a vsr homologue
(Fig. 2) (26; REBASE). Vsr has structural similarity with re-
striction enzymes and may well be evolutionarily related to
them (50).

Some bacteriophages carry an orphan methylase that would
protect itself from attack by certain RM gene complexes (RE-
BASE). If they become lysogenized as a prophage, they may
protect bacterial genomes against RM systems. On the other
hand, a bacteriophage can move an orphan methylase by trans-
duction. The same argument is possible with plasmids and
other mobile genetic elements. The defense of genome of
bacteriophage and other mobile elements against RMs by car-
riage of orphan methylase may be related with the defense of
bacterial genomes against RMs.

The hypothesis of spreading and maintenance of an orphan
methylase as a live vaccine is not so unnatural when we con-
sider antibiotics resistance genes. Some of them are likely
derived from the self-tolerance genes in a gene cluster for
antibiotics biosynthesis (for example, see reference 47). We
can postulate a relationship of “rock, scissors, and paper”
among bacteria carrying orphan M, RM, and neither. Such a
relationship allows stable maintenance of the three groups of
bacteria under certain conditions (21).

FIG. 7. Dcm methylase suppresses chromosomal DNA degrada-
tion after disturbance of the EcoRII RM gene complex. DNA was not
treated (left panel) or treated (right panel) with XbaI in vitro. A
culture of E. coli strain BNY451 (pKK233-2, pNY35) (recBC sbcA,
dcm, EcoRII r� m�), JC8679 (pKK233-2, pNY35) (recBC sbcA dcm�,
EcoRII r� m�), BNY451 (pKK-D, pNY35) (recBC sbcA dcm�� [dcm
overexpressed], EcoRII r� m�), or BNY451 (pKK233-2, pNY45)
(recBC sbcA dcm EcoRII r� m�) was grown at 30°C and transferred to
40°C. At the indicated time intervals after transfer, chromosomal DNA
was prepared and electrophoresed through a pulsed-field gel without
or after digestion with XbaI as described in Materials and Methods.
Lane 1 contains Saccharomyces cerevisiae chromosomes as markers.
Photoshop software was used to produce this figure.
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If orphan methylases serve as a live vaccine against RM gene
complexes, there would be a specific relationship between their
distribution patterns among diverse bacterial groups as found
with other types of selfish genetic elements (19). Unfortu-
nately, our present knowledge of their distribution is too little
to identify such a relationship (REBASE).

In several eukaryotic organisms, including fungi, plants and
mammals, DNA methylation at C-5 inactivates parasitic ge-
netic elements such as retroviruses and transposons (see the
introduction). This role could be related to the role of Dcm in
counteracting an RM complex, as demonstrated in the present
work. Some eukaryotic C-5 methylases seem to be phyloge-
netically related to Dcm, and at least two of them share the
recognition sequence with Dcm (Fig. 2) (32, 40). Further ex-
periments are necessary to fully understand mechanisms un-
derlying the interaction between Dcm and RM. These include
the fates of restriction enzyme, modification enzyme, and Dcm
after the temperature shift.
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