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Certain type II restriction modification gene systems can kill host cells when these gene systems are
eliminated from the host cells. Such ability to cause postsegregational killing of host cells is the feature of
bacterial addiction modules, each of which consists of toxin and antitoxin genes. With these addiction modules,
the differential stability of toxin and antitoxin molecules in cells plays an essential role in the execution of
postsegregational killing. We here examined in vivo stability of the EcoRI restriction enzyme (toxin) and
modification enzyme (antitoxin), the gene system of which has previously been shown to cause postsegrega-
tional host killing in Escherichia coli. Using two different methods, namely, quantitative Western blot analysis
and pulse-chase immunoprecipitation analysis, we demonstrated that both the EcoRI restriction enzyme and
modification enzyme are as stable as bulk cellular proteins and that there is no marked difference in their
stability. The numbers of EcoRI restriction and modification enzyme molecules present in a host cell during
the steady-state growth were estimated. We monitored changes in cellular levels of the EcoRI restriction and
modification enzymes during the postsegregational killing. Results from these analyses together suggest that
the EcoRI gene system does not rely on differential stability between the toxin and the antitoxin molecules for
execution of postsegregational cell killing. Our results provide insights into the mechanism of postsegrega-
tional killing by restriction-modification systems, which seems to be distinct from mechanisms of postsegre-
gational killing by other bacterial addiction modules.

A type II restriction-modification (RM) gene system is typ-
ically composed of a gene encoding a DNA endonuclease
(restriction enzyme [R]), which cleaves double-stranded DNA
at a specific recognition sequence, and a gene encoding a DNA
methyltransferase (modification enzyme [M]), which specifi-
cally transfers a methyl group to a base within the recognition
sequence, thereby preventing the cognate restriction enzyme
from cleaving DNA there. It has generally been believed that
RM gene systems are functional in cellular defenses against
invading foreign DNA and that they have been selected and
maintained during evolution for this benefit they provide to the
host bacteria. However, a hypothesis was proposed that certain
type II RM gene systems may represent selfish genetic ele-
ments in the sense that they can maintain and increase their
copy number even when they do not confer any advantageous
phenotype on their host cells (21, 23, 32). This hypothesis was
based on the observation that certain type II RM gene systems
on a plasmid can increase stability of the plasmid by selectively
killing cells that failed to retain the plasmid, thereby causing an
increase in their relative frequency in the viable bacterial pop-
ulation. Similar resistance to loss from a host cell was observed

with a chromosomally located RM gene system that was threat-
ened by an allelic DNA (15, 42).

Analyses of various bacterial genomes provided evidence
that RM gene systems can move between bacterial genomes,
which seems to be consistent with their behavior as selfish
DNA elements (21, 23, 31, 35, 36). Their association with
genome rearrangements was inferred from comparisons of
closely related bacterial genomes (2, 36) and was demonstrated
experimentally (15). The selfish-gene hypothesis was given
strong support when an RM gene system on a chromosome
was found to multiply in tandem in a manner dependent on a
functional restriction gene (42). This was reminiscent of the
induction of the replication of prophage genomes.

Indeed, type II RM gene systems show some similarity to
viruses in their regulation of gene expression (23). When they
enter a new host, they have to establish themselves in the host
without excessive killing of the host cells, just as temperate
bacteriophages establish themselves in host cells as prophages.
It was postulated that RM gene systems express the modifica-
tion activity before restriction activity to protect the host chro-
mosome by methylation. The methyltransferases of certain
type II RM systems, including the SsoII and EcoRII RM sys-
tems, were shown to function as transcription regulators that
are required for the coordinated expression of the restriction
and modification enzymes (20, 45). In some type II RM sys-
tems, a third regulatory protein, called C protein, plays the role
of delaying expression of their restriction enzymes (33, 47).
After establishment, type II RM systems are expected to tightly
regulate their gene expression to maintain constant cellular
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levels of restriction enzyme and modification enzyme to pre-
vent attack on the host, just as prophages do until critical
events such as gene loss happens to trigger the attack.

In the case of the EcoRI RM system, which had previously
been shown to cause postsegregational host killing (13, 25, 32)
and is the subject of the present study, little is known about
regulation of gene expression. The EcoRI system is composed
of the ecoRIR (R) and ecoRIM (M) genes, which encode
EcoRI R and M proteins, respectively (11, 34). The R gene is
located upstream of the M gene. It has been proposed that the
R and M genes constitute an operon, in which expression of
the two genes is coordinately controlled by a promoter located
immediately upstream of the R gene (40). In addition, a spe-
cific promoter for the M gene has been proposed to be present
within the R gene (11, 37). This postulated M gene-specific
promoter, which should allow expression of the M gene in the
absence of the R gene, might play a role for sequential expres-
sion of modification activity and restriction activity when the
EcoRI gene system enters a new host cell (11). However,
regulation of the two promoter activities for EcoRI RM gene
expression remains unexplained.

The mechanism for plasmid stabilization by RM gene sys-
tems appears very similar to the mechanism for plasmid stabi-
lization by several gene complexes known as addiction modules
found in many naturally occurring plasmids (10, 22). As with
the above type II RM gene systems, these addiction modules
on a plasmid enhance the stability of maintenance of the plas-
mid by killing plasmid-free segregants, a process called post-
segregational killing. An addiction module of the type called a
classical proteic killer system or toxin-antitoxin system is gen-
erally composed of two adjacent genes, one for toxin protein
and the other for antitoxin protein. The toxin inhibits cell
growth or, in some cases, kills cells by inhibiting important
cellular processes, such as replication and translation. The
cognate antitoxin counteracts the toxin action through direct
interaction. The toxin is stable, whereas the cognate antitoxin
is metabolically unstable because of degradation by a specific
protease (1, 4, 27, 28, 48). Such differential stability was shown
to be critically important for postsegregational host cell killing.
When cells fail to retain the addiction module, degradation of
the unstable antitoxin leads to imbalance between the concen-
trations of the toxin and antitoxin in cells because the antitoxin
can no longer be replenished. This imbalance would result in
release of the toxin to attack its cellular target. Differential
stability of the toxin and the antitoxin is also the strategy
employed by the third type of postsegregational killing system
programmed by the antisense RNA-regulated addiction mod-
ules (9). Expression of a toxin from its mRNA is prevented by
its antisense RNA, an antitoxin in a sense, which is metaboli-
cally unstable. Loss of the gene system results in preferential
decay of the antisense RNA, which leads to translation of the
toxin mRNA and, eventually, to cell death.

On the other hand, a plausible sequence of molecular events
underlying RM gene system-mediated postsegregational kill-
ing has been proposed on the basis of experimental results (13,
14, 32). The modification enzyme protects the host chromo-
some from lethal cleavage by the restriction enzyme in cells
carrying the RM gene system (on the chromosome or on a
resident plasmid). Once the RM gene system is eliminated
from a cell, the cellular level of modification enzyme molecules

is gradually decreased through dilution by cell growth to a
certain threshold point, beyond which its concentration is not
sufficient for complete protection of the newly replicated host
chromosome from lethal cleavage by the remaining molecules
of the restriction enzyme. It should be noted here that, while
the restriction enzyme has to cleave the chromosome at only a
few recognition sites to kill the cell (unless the breakage is
repaired [13, 14]), the modification enzyme likely has to modify
almost all of the recognition sites on the host chromosome to
protect the cell from lethal cleavage by the restriction enzyme.

Although this simple scheme, or dilution model, seems plau-
sible, could it sufficiently explain how the EcoRI gene system
undergoes the transition from the autoregulation mode to the
host-killing mode after the gene loss? How can the RM sys-
tems trigger cell death only at appropriate times, namely, only
when they are eliminated from the host cells, while they sup-
press cell killing in cells that retain the gene systems? To
address this problem, the classical proteic addiction modules
and the antisense RNA-regulated addiction modules employ a
common strategy of differential stability between the toxin (or
its mRNA) and the antitoxin, in addition to mechanisms reg-
ulating gene expression (7, 10, 22). The RM systems might also
depend on the same strategy to solve the problem.

The recent findings that toxin proteins of several toxin-an-
titoxin modules (that is, RelE, MazF, and PemK) are endori-
bonucleases with specific recognition sequences (38, 51, 52)
also make it extremely interesting to see whether RM gene
systems and other toxin-antitoxin modules have experienced
similar constraints in function and evolution. Since regulatory
mechanisms of postsegregational killing by RM gene systems
likely reflect such functional and evolutionary constraints, their
elucidation would provide insights into this issue.

Thus, we initiated an analysis of the regulatory mechanism
for EcoRI RM gene system-mediated postsegregational cell
killing with a focus on the stability of restriction and modifi-
cation enzymes. We found that both the EcoRI restriction
enzyme and the modification enzyme are stable in vivo. These
findings strongly suggest that, unlike the other two classes of
addiction modules, the EcoRI RM system does not rely on
differential stability between toxin (R) and antitoxin (M) for
regulation of postsegregational host killing.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, DNA manipulations, and nomenclature
for restriction modification enzymes. The bacterial strains and plasmids used in
this study are listed in Table 1. Bacteria were grown in LB medium (29) or M9
minimal medium (29). When required, antibiotics were added at the following
concentrations: ampicillin, 50 �g/ml; tetracycline, 15 �g/ml; kanamycin, 30 �g/
ml; chloramphenicol, 20 �g/ml (10 �g/ml for minimal medium); oxacillin, 100
�g/ml. Recombinant DNA manipulations were performed according to standard
procedures (43). Generalized transduction with phage P1vir was conducted as
described previously (29). The new nomenclature for restriction modification
enzymes was followed (39).

Assay for the EcoRI restriction and modification activity in vivo. EcoRI
restriction activity in vivo was measured by determining the efficiency of plating
(efficiency of plaque formation) of unmodified �vir phage on the Escherichia coli
strains to be tested. EcoRI modification activity in vivo was assessed by growing
�vir phage on the E. coli strains to be tested and then determining the efficiency
of plaque formation of the phage on an EcoRI r� m� strain [DH5(pIK166)]
relative to that on an EcoRI r� m� strain [DH5(pIK167)].

Construction of plasmids. Plasmids pET-EcoRIR and pET-EcoRIM were
constructed as follows. The coding sequence of the EcoRI R gene was amplified
by PCR from pIK166 using the following primer pair: R-N-Nde (5�-CCGGGA
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TTTCCATATGTCTAATAAAAAACAGTCAAATA-3�) and R-C-Bam (5�-CC
GCGGGATCCTCACTTAGATGTAAGCTGTTCA-3�). The italic letters indi-
cate the start and termination codons, respectively, of the EcoRI R gene. These
primers contain an NdeI or BamHI site (underlined). The PCR-amplified frag-
ment was digested with NdeI and BamHI and ligated with the corresponding
sites of pET-15b (Novagen). The resulting plasmid pool was transformed into E.
coli DH5� carrying pIK179, which encodes the EcoRI modification enzyme and
is compatible with pET-15b. Ampicillin-chloramphenicol-resistant transformants
were selected at 30°C and then screened for restriction activity in vivo using a
phage spot assay. A plasmid recovered from one of the transformants with
EcoRI restriction activity was designated pET-EcoRIR and used in this study.
The coding sequence of the EcoRI modification enzyme was similarly amplified
from pIK166 using the following primer pair: M-N-Nde (5�-CCGGGATTTCC
ATATGGCTAGAAATGCAACAAACA-3�) and M-C-Bam (5�-CCGCGGGAT
CCTTACTTTTGTAATCGTTTGTTTTTT-3�). The italic letters indicate the
ATG start and termination codons, respectively, of the EcoRI M gene. These
primers contain an NdeI or BamHI site (underlined). The amplified fragment
was digested with NdeI and BanHI, cloned into the corresponding sites of
pET-15b, and transformed into E. coli strain DH5�. Ampicillin-resistant trans-
formants were selected and then screened for EcoRI modification activity in vivo
using a phage spot assay. A plasmid recovered from one of the transformants that
exhibited EcoRI modification activity was designated pET-EcoRIM and used in
this study. Plasmids pET-EcoRIR and pET-EcoRIM encode His-tagged EcoRI
R and M proteins, respectively, with an N terminus extensions of 20 amino acid
residues including a stretch of six consecutive histidine residues.

Plasmid pMAN-RM was constructed as follows. Plasmid pIK164 was digested
with PstI and HindIII. The resulting 1.27-kb PstI-HindIII fragment, which con-
tained the entire coding sequence for the EcoRI M protein as well as a part of
coding sequence for the EcoRI R protein, was subcloned into the corresponding
sites of pMAM885EH to construct pMAN-M. Plasmid pIK163 was digested with
NdeI, blunt ended with T4 DNA polymerase, and further digested with PstI to
generate a 0.65-kb PstI-NdeI (blunt ended) fragment. This fragment, which
contained a part of the coding sequence for the EcoRI R protein, was ligated

with the large PstI-SmaI fragment of pMAN-M to construct pMAN-RM, in
which the complete coding sequences for EcoRI RM proteins were placed under
the control of the arabinose-inducible PBAD promoter.

Analytical methods for proteins. The method of Laemmli (26) was used for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Unless
otherwise specified, the gels contained 15% acrylamide and 0.5% bisacrylamide.
Protein concentrations were determined by the bicinchoninic acid (BCA)
method (44) with a Micro-BCA protein assay kit (Pierce).

Expression and purification of EcoRI RM proteins. E. coli strain
BL21(DE3)(pIK179) carrying pET-EcoRIR or BL21(DE3) carrying pET-Eco-
RIM was inoculated into LB broth containing ampicillin, oxacillin, and chlor-
amphenicol or into LB broth containing ampicillin and oxacillin, respectively,
and grown at 30°C with aeration to exponential phase (optical density at 600 nm
[OD600] of 0.4). Expression of His-tagged recombinant proteins was induced by
adding isopropyl-�-D-thiogalactopyranoside (final concentration, 1 mM) to the
culture. The culture was incubated with aeration at 30°C for 4 h for
BL21(DE3)(pIK179)(pET-EcoRIR) or at 30°C for 6 h for BL21(DE3)(pET-
EcoRIM). Purification of the His-tagged proteins was performed by nickel af-
finity chromatography under denaturing conditions according to the pET system
manual (Novagen). Briefly, cell extracts were prepared by thawing frozen cell
pellets and sonicating them in TSPB buffer (20 mM Tris-HCl [pH 7.9]–0.5 M
NaCl–1 mM phenylmethylsulfonyl fluoride–1 mM benzamidine) containing 5
mM imidazole and 6 M urea. The resulting cell extract was applied to a pre-
charged nickel affinity column (His-Bind Ni resin column; Novagen). The col-
umn was washed with TSPB buffer containing 15 mM imidazole and 6 M urea,
and the purified His-tagged proteins were eluted with TSPB buffer containing
300 mM imidazole and 6 M urea.

Antibody preparation and Western blot analysis. The purified preparations of
His-tagged EcoRI R and M proteins were separately resolved on SDS-PAGE
gels. The gels were lightly stained with 0.05% Coomassie brilliant blue R-250 for
10 min as described previously (16). The stained protein band was cut out. The
frozen slices of the gel containing protein were sent to Panapharm Laboratories
Co., Ltd. (Kumamoto, Japan), and were used to raise polyclonal antibodies

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Source Reference

E. coli
MC1061 araD139 �(ara-leu)7696 galE15 galK16 �(lac)X74 rpsL hsdR2

mcrA mcrB1
Laboratory collection 5

JH139 dinD1::MudI1734(Kmr lac)a J. Heitman 18
BIK5607b MC1061 dinD1::MudI1734(Kmr lac) This study
DH5 endA1 hsdR17 supE44 thi-1 recA1 gyrA96 relA1 �(lacZYA-

argF)U169 deoR
N. Yamaguchi 12

DH5� endA1 hsdR17 supE44 thi-1 recA1 gyrA96 relA1 �(lacZYA-
argF)U169 deoR (	80dlac�(lacZ)M15)

D. Hanahan 49

BL21(DE3) ompT lon hsdSB gal dcm �DE3 lysogen Novagen
Plasmids

pMB4 EcoRI r� m� plasmid; ColE1 origin; Apr F. Stahl 3
pIK163 pBR322 carrying EcoRI r� m� genes; Apr K. Kusano 25
pIK164 pBR322 carrying EcoRI r� m� genes; Apr K. Kusano 25
pIK166 pBR322 carrying EcoRI r� m� genes; Apr K. Kusano 25
pIK167 pBR322 carrying EcoRI r� m� genes; Apr K. Kusano 25
pHSG415 Vector derived from pSC101; temperature-sensitive for

replication; Apr, Kmr, Cmr
J. Kato 17

pIK172 pHSG415 carrying EcoRI r� m� genes; Apr, Cmr K. Kusano 32
pIK173 pHSG415 carrying EcoRI r� m� genes; Apr, Cmr K. Kusano 32
pIK179 Aps derivative of pIK173; Cmr K. Kusano 25
pET-15b Expression vector; ColE1 origin; Apr Novagen
pET-

EcoRIR
pET-15b carrying EcoRI r� gene; Apr This study

pET-
EcoRIM

pET-15b carrying EcoRI m� gene; Apr This study

pMAN885EH Vector containing the arabinose PBAD promoter and its
regulator; araC; p15A origin; Cmr

H. Tokuda 50

pMAN-RM pMAN885EH carrying EcoRI r� m� genes under the control of
the PBAD promoter; Cmr

This study

a MudI1734(Kmr lac) is a derivative of Mud(Apr lac), but devoid of Mu A and Mu B genes, which are required for transposition and replication. Thus, unlike E. coli
strains carrying the original Mud(Apr lac), E. coli strains carrying MudI1734(Kmr lac) are stable at 42°C.

b BIK5607 was constructed by transducing the dinD1::MudI1734(Kmr lac) allele from JH139 into MC1061.
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against EcoRI R or M protein in rabbits. For Western blot analysis, cellular
proteins were separated by SDS-PAGE (15% polyacrylamide) and then blotted
to a polyvinylidene fluoride membrane (Immobilon-P; Millipore Corp.) using a
semidry blotting apparatus. Detection of the EcoRI RM proteins with specific
antibodies was carried out by the enhanced chemiluminescent method with an
ECL Plus Western blot detection reagent system (Amersham Biosciences) ac-
cording to the manufacturer’s instructions. The polyclonal antibody against
EcoRI R or M protein was used at a 1:10,000 dilution. Anti-rabbit polyclonal
antibody from donkey linked with horseradish peroxidase (Amersham Bio-
sciences) was used as a secondary antibody at a 1:300,000 dilution. Chemilumi-
nescent signals on the blots were visualized on Hyperfilm ECL (Amersham
Biosciences). The quantitation of bands was performed by analyzing blots with
an FLA-5100 image analyzer (Fuji film) and Image Gauge software (Fuji film) or
by analyzing scanned film images using ImageJ software (W.S. Rasband, Na-
tional Institutes of Health, Bethesda, Md.; http://rsb.info.nih.gov/ij/).

Analysis of stability of EcoRI R and M proteins in vivo. Two cultures of
MC1061 (pMB4) were grown with aeration at 30°C in LB broth containing
ampicillin to early exponential phase (OD600 of 0.2). One of the two cultures was
shifted to 42°C, while the other culture was kept at 30°C. After incubation for 30
min, spectinomycin was added to both cultures at a concentration of 200 �g/ml
to block protein synthesis, and the cultures were further incubated. A portion of
the cultures was taken at intervals, and the cellular proteins were precipitated
with 10% trichloroacetic acid (TCA) in the cold. Pellets were washed with cold
80% acetone solution and resuspended in 10 mM sodium phosphate buffer (pH
7.2) containing 1% SDS. The resulting suspensions were boiled for 5 min, and
protein concentrations were determined using a Micro-BCA protein assay kit
(Pierce) with bovine serum albumin as the standard. Samples containing equal
amounts (50 �g) of cellular proteins were analyzed by Western blot analysis.
Chemiluminescent signals were visualized on films. Quantitation of protein
bands was performed by the use of an FLA-5100 image analyzer equipped with
Image Gauge software.

Estimation of number of molecules per cell for EcoRI restriction enzyme and
modification enzyme. E. coli strains BIK5607(pIK172) and BIK5607(pMB4)
were grown with aeration at 30°C in LB broth containing ampicillin and oxacillin
to exponential phase (OD600 of 0.3). Samples were taken and added to cold TCA
solution (final concentration, 10% [wt/vol]) to precipitate proteins. The precip-
itated proteins were washed with cold 80% acetone solution, resuspended in 10
mM sodium phosphate buffer (pH 7.2) containing 1% SDS, and then boiled for
5 min. After protein concentrations were measured, a portion of each sample
containing equal amounts (28 �g) of cellular proteins was loaded per lane,
resolved by SDS-PAGE with 15% polyacrylamide gel, and subjected to Western
blot analysis. Different amounts of denatured purified His-tagged EcoRI RM
proteins mixed with 28 �g of denatured total cellular proteins prepared from the
EcoRI r� m� strain MC1061 were used as the quantitation standards on the
same gel. Chemiluminescent signals on the blots were visualized on films. Quan-
titation of bands was performed using ImageJ software. The numbers of cells in
the cultures at the sampling time point were determined by direct cell counting
under a microscope. Numbers of EcoRI R and M protein molecules per cell were
calculated from the amounts of EcoRI RM proteins determined by Western blot
analysis, using the molecular masses of the two proteins, Avogadro’s number
(6.02 
1023 molecules per mol), and numbers of cells equivalent to the amounts
of protein analyzed by Western blot analysis as described previously (8).

Measurement of cellular EcoRI RM protein levels upon induction of postseg-
regational cell killing. Strains BIK5607(pIK172) and BIK5607(pIK173) were
grown with aeration in LB broth containing ampicillin and oxacillin to exponen-
tial phase (OD600 of 0.3). Postsegregational killing was induced by recovering
cells by low-speed centrifugation and resuspending them in LB broth prewarmed
at 42°C, a nonpermissive temperature for replication of these plasmids. The
cultures were then incubated at 42°C and diluted whenever the OD600 of the
cultures reached about 0.3. Samples were taken at intervals for measurement of
the cellular levels of the EcoRI RM proteins, bacterial mass (OD600), and viable
cell count. Total cellular proteins of BIK5607(pIK172) at each sampling point
were prepared by adding cold TCA solution to each sample (final concentration,
10% [wt/vol]), washing the resulting pellets with cold 80% acetone solution, and
resuspending the proteins in 10 mM sodium phosphate buffer (pH 7.2) contain-
ing 1% SDS. The samples were boiled for 5 min, and protein concentrations were
determined. A portion of the samples containing equal amounts of cellular
proteins was analyzed by Western blot analysis. Different dilutions of the dena-
tured cellular proteins prepared from BIK5607(pIK172) at time zero were mixed
with denatured cellular proteins from the EcoRI r� m� strain MC1061 so that
the total protein concentration was kept the same between the mixtures. These
mixtures were used as the quantitation standards in Western blot analysis.
Chemiluminescent signals on the blots were visualized on films. Quantitation of

bands was performed using ImageJ software. Viable cells were counted by
spreading dilutions of the cultures on LB plates and counting colonies after
overnight incubation at 30°C.

Pulse-labeling and immunoprecipitation. MC1061(pMAN-RM) and
MC1061(pMAN885EH) were grown aerobically at 37°C in M9 medium supple-
mented with glycerol (0.2%), MgSO4 (1 mM), thiamine (10 �g/ml), all of the 20
amino acids (20 �g/ml each) except methionine and cysteine, and chloramphen-
icol (10 �g/ml) to log-phase (OD600 of 0.2), and then arabinose was added to the
cultures (final concentration, 0.002%) to induce the expression of the EcoRI RM
genes. After 35 min of incubation at 37°C, the cultures were pulse labeled for 5
min by the addition of a mixture of [35S]methionine and [35S]cysteine (Redivue
PRO-MIX Cell Labeling Mix; a mixture of 70% [35S]methionine and 30%
[35S]cysteine [1,000 Ci/mmol]) (Amersham Biosciences) to a final concentration
of 100 �Ci/ml and then chased with an excess of unlabeled methionine and
cysteine (final concentration, 1 mg/ml [each]). After 3 min of incubation at 37°C,
250 �l of the culture was taken (time zero), and additional 250-�l samples were
taken after 1 and 3 h of incubation with aeration at 37°C. The EcoRI RM
proteins in each sample were immunoprecipitated with specific antibodies ac-
cording to the method of Ito et al. (19), with a slight modification as follows.
Cellular proteins were precipitated with 5% TCA in the cold. The pellets were
washed with cold 80% acetone solution, resuspended in 50 �l of 50 mM Tris-HCl
(pH 8.0)–1% SDS–1 mM EDTA, and then boiled for 3 min. A total of 30 �l of
the solution was mixed with 1 ml of Triton buffer (50 mM Tris-HCl [pH 8.0]–150
mM NaCl–2% Triton X-100–1 mM EDTA), and the precipitates were removed
by centrifugation at 13,000 
 g for 5 min. The antibody (2 �l) against EcoRI R
protein or M protein was added to the supernatant, and the mixture was incu-
bated overnight at 4°C. To this mixture, 50 �l of 10% (wt/vol) suspension of
IgGsorb (The Enzyme Center, Inc.) in the Triton buffer was added, and the
mixture was kept at 4°C for 1 h. After centrifugation at 10,000 
 g for 5 min, the
pellet was washed with 1 ml of the Triton buffer and then with 1 ml of 10 mM
Tris-HCl (pH 8.0). The washed pellet was resuspended in 30 �l of a sample
buffer for SDS-PAGE and then boiled for 3 min. The supernatant (10 �l) was
subjected to SDS-PAGE (12.5% acrylamide and 0.42% bisacrylamide). The gels
were dried and exposed to X-ray films (Kodak X-Omat) for autoradiography.

RESULTS

In vivo stability of the EcoRI restriction modification en-
zyme proteins. To gain insight into the regulation of postseg-
regational host cell killing by the EcoRI RM gene system, we
first examined the stability of the EcoRI restriction and mod-
ification enzymes in vivo. We examined their stability both at
30°C and 42°C for comparison with plasmid loss experiments
with thermosensitive plasmids (see below). By Western blot
analysis, we monitored cellular levels of the two proteins after
blockage of protein synthesis. Two cultures of MC1061 carry-
ing pMB4 (Table 1, EcoRI r� m�) were grown at 30°C to early
log phase, and then the two cultures were incubated at 30°C
and 42°C, respectively. After 30 min of incubation (time zero),
spectinomycin was added to the cultures to block protein syn-
thesis, after which a portion of each culture was taken at
intervals (Fig. 1A). The same amount of cellular proteins was
applied to each lane. Amounts of the two proteins were not
decreased significantly during 3 h of incubation at 30°C or at
42°C after the inhibition of protein synthesis (Fig. 1B, C, and
D). This indicates that the two proteins are as stable as bulk
cellular proteins and that there is no striking difference in
stability between the two proteins under the conditions used.

These findings suggested the possibility that the mechanism
of postsegregational host cell killing by the EcoRI RM gene
system is different from the mechanisms of postsegregational
host cell killing by other toxin-antitoxin addiction modules,
which rely on differential stability between toxin and antitoxin
molecules for execution of postsegregational host cell killing.

Estimation of cellular amounts of the EcoRI restriction
modification enzymes. To further understand how the EcoRI
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RM gene system regulates postsegregational host cell killing,
we attempted to learn how many molecules of the EcoRI
restriction enzyme and modification enzyme are present in
cells before and after the induction of postsegregational cell
killing. To determine the levels of the two proteins within cells
growing under the steady-state condition, we estimated the
numbers of molecules per cell for the EcoRI RM proteins in
two E. coli strains, BIK5607(pMB4) and BIK5607(pIK172),

which carry the EcoRI genes on different plasmids (Table 1).
Plasmid pMB4 is very closely related to pMB1, a naturally
occurring EcoRI r� m� plasmid obtained from the original
clinical isolate of E. coli with the EcoRI host specificity (3).
Thus, the cellular levels of EcoRI RM proteins in
BIK5607(pMB4) were expected to reflect the regulation of
EcoRI RM gene expression from the naturally occurring
EcoRI r� m� plasmid. Another plasmid, pIK172, constructed

FIG. 1. Change in cellular levels of EcoRI R and M proteins after inhibition of protein synthesis. Two cultures of MC1061(pMB4) were grown
at 30°C to early log phase (OD600 of 0.2). One culture was shifted to 42°C while the other culture was kept at 30°C. After a 30-min incubation at
the respective temperature, spectinomycin was added to the two cultures to inhibit protein synthesis. Samples were taken just before the addition
of spectinomycin (time zero) and 0.5, 1, 1.5, 2.5, and 3.5 h later. The samples were processed and examined for amounts of the EcoRI R and M
proteins by Western blot analysis as described in Materials and Methods. (A). Change in optical density at 600 nm of the two cultures incubated
at 30°C (open circle) or 42°C (filled circle) after blockage of protein synthesis. (B) Levels of EcoRI RM proteins in cells at each sampling point
as determined by Western blot analysis. Samples containing the same amounts (50 �g) of cellular proteins were analyzed in each lane.
Chemiluminescent signals visualized on film are shown. (C and D) Changes in levels of the EcoRI R protein (open circle) and M protein (filled
circle) in cells incubated at 30°C or 42°C after blockage of protein synthesis. The amount of the EcoRI R or M proteins at each sampling point
was normalized to the amount at time zero.
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by subcloning the EcoRI genes from pMB4 into pHSG415
(vector with a temperature-sensitive replication machinery)
(32), was used in the previous experiments in our laboratory
(13, 14, 25, 32) and in the experiments described in the next
section, in which plasmid loss was artificially induced by a
temperature shift.

Strains BIK5607(pMB4) and BIK5607(pIK172) were grown
at 30°C to exponential phase in LB broth containing selective
antibiotics. Their total cellular proteins as well as different
amounts of purified His-tagged EcoRI RM proteins were an-
alyzed by quantitative Western blot analysis using specific an-
tibodies against EcoRI R or M proteins (Fig. 2). On the as-
sumption that antibodies react similarly with the His-tagged
recombinant proteins and with the native proteins, we esti-
mated amounts of the EcoRI RM proteins and calculated their
numbers per cell. In BIK5607(pIK172), the number of mole-
cules per cell was estimated to be 4,000 and 8,000 for EcoRI R
protein and M protein, respectively. In BIK5607(pMB4), esti-
mated numbers of molecules per cell were 1,000 and 16,000 for
EcoRI R protein and M protein, respectively. It should be
noted that the EcoRI restriction enzyme is functional as a
dimer, whereas a monomer is the active form for the EcoRI
modification enzyme.

Change in cellular levels of the EcoRI RM proteins during
postsegregational host cell killing. Our laboratory has previ-
ously established an experimental system in which postsegre-
gational host cell killing by the EcoRI RM gene system can be
artificially induced by shifting the growth temperature of bac-
terial cultures (25, 32). In this experimental system, a temper-
ature shift from 30°C to 42°C causes replication arrest of
pIK172, a plasmid that is temperature sensitive for replication
and carries the EcoRI RM genes, resulting in loss of the
plasmid from the cells. We used this experimental system to
investigate how cellular levels of the EcoRI RM proteins
change after loss of their genes.

As shown in Fig. 3B, the temperature shift blocked an in-
crease in viable cell counts of the cells carrying the EcoRI
restriction gene but not cells carrying a restriction-negative
control plasmid. The change in optical density of the two cul-

tures did not differ within the limits of detection (Fig. 3A).
Western blot analysis showed that cellular levels of the two
proteins gradually decreased after the temperature shift (Fig.
3C, D, and E). We followed the change in cellular levels of the
two proteins up to 1.25 h (experiment 1) (Fig. 3C and D) or 1 h
(experiment 2) (Fig. 3E) after the temperature shift. A portion
of cells in the culture of BIK5607(pIK172) began to die about
1 to 1.5 h after the temperature shift, as revealed by viable cell
counts (Fig. 3B). At 1 h after the temperature shift, the cellular
amount of R protein decreased to 33% of that at the time of
the temperature shift, whereas the cellular amount of M pro-
tein decreased to 20% in experiment 1 (Fig. 3D). In experi-
ment 2, cellular amounts of the R and M proteins at 1 h after
temperature shift were 44% and 26% of their amounts at the
time of the temperature shift, respectively (Fig. 3E).

If we assume that neither degradation nor synthesis of the
EcoRI R M proteins took place after the temperature shift so
that their cellular levels were determined solely by dilution
through cell growth, cellular levels of R and M proteins at 1 h
after the temperature shift can be calculated to be 17% of their
levels at time zero, using the doubling time of bacterial cultures
after temperature shift in experiment 1 [23 min for
BIK5607(pIK172)] (Fig. 3A). The cellular levels observed in
our experiments were higher than these predicted values for
both EcoRI R and M proteins. This suggests that both proteins
are synthesized after the temperature shift and also provides
further support for the notion that EcoRI RM proteins are not
degraded markedly during postsegregational cell killing. How-
ever, it should be noted that the cellular level of R protein
decreased more slowly than that of M protein after the induc-
tion of plasmid loss by temperature shift in our two indepen-
dent experiments (Fig. 3D and E).

Pulse-chase analysis of in vivo stability of EcoRI RM pro-
teins. The observations that the cellular amount of EcoRI M
protein decreased faster than that of R protein after induction
of plasmid loss (Fig. 3D and E) raised the possibility that M
protein was selectively degraded in the cells. Although we
could not detect significant degradation of M protein at 30°C
or 42°C in our stability assay after blockage of protein synthesis

FIG. 2. Estimation of numbers of EcoRI R and M protein molecules per cell. BIK5607(pIK172) and BIK5607(pMB4) were grown at 30°C to
log phase. Equal amounts (28 �g) of cellular proteins prepared from independent cultures of each strain were analyzed by Western blotting.
Different amounts of purified His-tagged EcoRI R and M proteins mixed with cellular proteins prepared from MC1061 were used as the standards.
A sample containing 28 �g of cellular proteins from MC1061 was also included in the Western blot analysis as a negative control. Chemilumi-
nescent signals were visualized on film.
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FIG. 3. Change in cellular levels of EcoRI R and M proteins after induction of plasmid loss by temperature shift. BIK5607(pIK172) and
BIK5607(pIK173) were grown at 30°C to log phase. Plasmid loss was induced by temperature shift to 42°C. The cultures were then incubated at
42°C and diluted whenever their optical density at 600 nm reached about 0.3. Samples were taken just before the temperature shift (time zero)
and 0.25, 0.5, 0.75, 1, 1.25, 1.5, and 1.75 h later. The samples were examined for amounts of the EcoRI R and M proteins by Western blot analysis
as described in Materials and Methods. (A) Growth curves of BIK5607(pIK172) (restriction positive) (open circle) and BIK5607(pIK173)
(restriction negative) (filled triangle). Optical densities at 600 nm at indicated time points were normalized to the value at time zero using dilution
factors. (B) Change in viable cell counts. Viable cells were counted for BIK5607(pIK172) (open circle) and BIK5607(pIK173) (filled triangle) on
LB agar. Viable cell numbers at indicated time points were normalized to the values at time zero using dilution factors. (C) Levels of EcoRI R
and M proteins in BIK5607(pIK172) at each sampling point as determined by Western blot analysis. The sample taken just before the temperature
shift (time zero) was diluted with a sample containing cellular proteins from the EcoRI r� m� strain MC1061 so that the total amount of protein
in each dilution was kept the same. (D and E) Change in cellular levels of EcoRI R (open circle) and M (filled circle) proteins after temperature
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with spectinomycin (Fig. 1B, C, and D), it may still be possible
that degradation of M protein (and/or R protein) takes place
when cells are allowed to grow in the absence of spectinomy-
cin.

To address this question, we examined the stability of the
EcoRI RM proteins in cells growing in the absence of specti-
nomycin by pulse-chase analysis. In order to obtain sufficient
signals, we placed EcoRI r� m� genes under the control of
PBAD promoter (Table 1, pMAN-RM). After induction with
arabinose, cultures of MC1061(pMAN-RM) and MC1061
(pMAN885EH) (vector, as control) were pulse-labeled with
[35S]-labeled methionine and cysteine and then chased with an
excess of unlabeled methionine and cysteine. The labeled
EcoRI R and M proteins in the cells were separately immu-
noprecipitated with antibody against EcoRI R or M proteins
and, after SDS-PAGE, visualized by autoradiography.

EcoRI R and M proteins were specifically detected with
each antibody with MC1061(pMAN-RM) but not with
MC1061(pMAN885EH) (Fig. 4), confirming the specificity of
these antibodies under the conditions used. EcoRI R and M
proteins were not degraded markedly during 3 h of incubation
at 37°C in these growing cells (Fig. 4). Consistent with the
results after blockage of protein synthesis (Fig. 1B, C, and D),
these observations provide additional support for the notion
that EcoRI RM proteins are relatively stable in vivo and that
there is no marked difference in their stability.

DISCUSSION

In the present study, we examined the in vivo stability of
EcoRI RM proteins by two independent methods, namely,
Western blot analysis after blockage of protein synthesis and
pulse-chase labeling followed by immunoprecipitation analysis.
The results demonstrated that both of the proteins are as
stable as bulk intracellular proteins and that there is no striking
difference in stability between them, at least under the condi-
tions used. In the classical proteic toxin-antitoxin modules ex-
amined so far, that is, PemKI of R100 plasmid (48), CcdAB of
F plasmid (28), MazEF of E. coli (1), Phd/Doc of P1 phage
(27), and epsilon/zeta of Streptococcus pyrogenes plasmid
pSM19035 (4), the toxin is stable, whereas the antitoxin is quite
unstable. Their differential stability was shown to be important
in the execution of postsegregational host cell killing; upon
elimination of a toxin-antitoxin module from cells, degradation
of the unstable antitoxin molecules results in release of lethal
activity of the stable toxin. Similar instability of the antisense
RNA of the toxin gene (an antitoxin) is implicated in the action
of antisense RNA-mediated postsegregational killing systems
(9). The observed in vivo stability of the EcoRI RM proteins
strongly suggests that the regulation of postsegregational host
cell killing by the EcoRI RM gene system is distinct from
regulation of cell killing by the two other types of postsegre-
gational systems.

It has been argued that dilution of cellular RM proteins by

cell growth should be able to induce postsegregational killing
even in the absence of degradation of the M protein (antitoxin)
(21, 32). If this is the case, the balance between cellular levels
of the R and M proteins should be precisely regulated so that
the RM gene system can suppress uncontrolled cell death
under steady-state growth conditions, while it can efficiently
trigger cell killing once its genes are eliminated from the cells.
Our analysis showed that there was a larger number of M
protein molecules than R protein molecules in cells before
induction of plasmid loss (Fig. 2 and 3C) and that cellular
levels of the two proteins decreased gradually after the induc-
tion of plasmid loss by temperature shift (Fig. 3C, D, and E).
About 1 to 1.5 h after the induction of plasmid loss, a portion
of cells carrying an EcoRI r� m� plasmid in the culture began
to lose viability (Fig. 3B). This suggests that around this time
point, the cellular level of M protein becomes insufficient to
protect newly replicated chromosomes from lethal attack by
remaining R molecules. These findings are consistent with the
notion that dilution of RM proteins by cell growth contributes
to induction of EcoRI RM gene system-mediated postsegre-
gational cell killing.

In addition to the absolute and relative cellular levels of
EcoRI R and M proteins, their catalytic efficiency should rep-
resent a critically important factor that determines whether
chromosomal DNA is cleaved by the restriction enzyme or
whether such cleavage is blocked by the modification enzyme.

FIG. 4. Pulse-chase analysis of stability of EcoRI RM proteins.
MC1061(pMAN-RM) and MC1061(pMAN885EH) (vector only, as
control) were grown at 37°C in the supplemented M9 minimal medium
containing glycerol, chloramphenicol, and all of the 20 amino acids
except methionine and cysteine. Expression of the EcoRI RM genes
was induced by adding arabinose to their log-phase cultures. After 35
min of incubation at 37°C, the cultures were labeled with a mixture of
[35S]methionine and [35S]cysteine for 5 min and then chased with an
excess of unlabeled methionine and cysteine. Samples were taken after
3 min of incubation (time zero), and additional samples were taken
after 1 and 3 h of incubation at 37°C. The labeled EcoRI R and M
proteins in the samples were separately immunoprecipitated with the
anti-EcoRI R or anti-EcoRI M antibody and, after SDS-PAGE, visu-
alized by autoradiography (exposure time, 24 h for R and 64 h for M)
as described in Materials and Methods.

shift. Cellular amounts of EcoRI R and M proteins were estimated from the standard curve generated with the standards. Results from quantitative
analysis of the signals shown in panel C (experiment 1) are presented in panel D. Results from an independent experiment (experiment 2) are
shown in panel E. Samples containing 51 �g of cellular proteins were analyzed in experiment 1, while samples containing a smaller amount (24
�g) were analyzed in experiment 2.
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Reported turnover numbers for the EcoRI restriction enzyme
(four double-strand scissions/min/dimer at 37°C in vitro) (30)
and modification enzyme (three methyl transfers/min/mono-
mer at 37°C in vitro) (41) are similar. In addition, direct com-
petition experiments using a 775-bp fragment as a substrate
showed that the catalytic efficiency of the EcoRI modification
enzyme was slightly better than that of the EcoRI restriction
enzyme in site location and catalysis (46). Other potentially
important factors in the choice between death and survival
include the replication rate of the target restriction sites in
growing cells and the capacity of the host cells to repair the
restriction breakage (13, 14, 25). It is difficult to extrapolate
from these observations to an ideal ratio for these proteins to
achieve protection and/or restriction of the chromosome in
vivo.

Despite some experiment-to-experiment variation, we con-
sistently observed that the cellular level of the R protein de-
creased more slowly than that of the M protein after the
induction of plasmid loss (Fig. 3D and E). Since cell growth
should dilute cellular pools of the two proteins similarly, this
difference should be explained by factor(s) other than dilution
of the proteins through cell growth. It seems unlikely that
selective degradation of the M protein by cellular protease(s)
is responsible for the difference, because we could not detect
significant degradation of the M protein at 30°C or 42°C in our
protein stability assay after blockage of protein synthesis with
spectinomycin (Fig. 1B, C, and D) as well as in our pulse-chase
labeling experiments in the absence of such blockage (Fig. 4).
However, we cannot completely exclude the possibility that
degradation of the M protein takes place in BIK5607(pIK172)
under the conditions used in experiments for Fig. 3, because in
vivo stability of the EcoRI RM proteins could vary between
strains carrying different plasmids or between strains with dif-
ferent physiological states.

A change in cellular levels of the two proteins could reflect
not only their degradation and their dilution by cell growth but
also their synthesis. It is reasonable to assume that transcrip-
tion of the EcoRI gene on the remaining plasmid copies and
translation of the RM proteins from the remaining transcripts
continue in cells, at least transiently, even after the tempera-
ture shift to induce plasmid loss. Thus, an alternative explana-
tion for the difference in rates of decrease of the RM proteins
(Fig. 3D and E) is that a larger amount of the R protein is
synthesized than the M protein after the induction of plasmid
loss. Such differential synthesis of toxin and antitoxin after
induction of gene loss might be important for regulation of
postsegregational cell killing by the EcoRI RM gene system.

Our analysis showed that cellular levels of the EcoRI RM
proteins and the ratio between cellular levels of the two pro-
teins are different between the two strains examined,
BIK5607(pIK172) and BIK5607(pMB4) (Fig. 2). The basis for
these differences is unclear, although one interesting possibility
is that genetic alternations introduced in the upstream and
downstream regions of the EcoRI RM genes during construc-
tion of pIK172 from pMB4 (14, 32) might affect expression of
the two genes. Because pMB4 is very closely related to pMB1,
a naturally occurring EcoRI r� m� plasmid (3), the cellular
amounts of the RM proteins estimated for BIK5607(pMB4)
are expected to reflect the regulation of EcoRI RM gene
expression in the naturally occurring plasmid. The cellular

amount of the EcoRI R protein has previously been estimated
to be 2,000 monomer equivalents per cell in an E. coli strain
RY13, which carries pMB3, a plasmid closely related to pMB4
(30). This value is comparable to our estimate in BIK5607
(pMB4). Given that the balance between the cellular levels of
the two proteins should be important for regulation of post-
segregational cell killing, strains with different cellular levels of
the RM proteins might behave differently after plasmid loss.
Indeed, the SOS induction level was found to be markedly
higher in BIK5607(pIK172) than in BIK5607(pMB4) when the
strains were grown at 30°C, a permissive temperature for rep-
lication of pIK172 (data not shown). Our previous analysis has
revealed that double-stranded breaks on the host chromosome
generated by the EcoRI gene system during postsegregational
killing induce an SOS response in cells and that homologous
recombination is involved in repair of those breaks (13). Thus,
the elevated level of SOS induction observed in BIK5607
(pIK172) suggests that chromosome cleavage by the EcoRI R
protein occurs in plasmid-containing cells when cellular levels
of the two proteins are somehow distorted. In this sense we
should be cautious when we try to extrapolate experimental
results obtained with particular plasmid constructions to be-
havior of RM gene systems under natural conditions.

Although our present results strongly suggest that the EcoRI
gene system is distinct from the other types of bacterial addic-
tion modules in the regulatory mechanism for postsegrega-
tional cell killing, more work is needed to clarify the mecha-
nism. In particular, it is currently not clear whether factor(s)
other than dilution of the RM proteins by cell growth contrib-
ute to enabling the lethal activity of the R protein. In addition
to the EcoRI RM gene system, several other type II RM gene
systems have been demonstrated to cause postsegregational
host killing (6, 24, 32, 33). It will also be interesting to deter-
mine how these RM gene systems control the timing and ex-
tent of postsegregational cell killing. Such investigation should
give us insight into functional and evolutionary similarities and
differences between RM gene systems and other types of bac-
terial addiction systems (22).
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