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ABSTRACT Extrachromosomal plasmid DNA is tran-
siently undermethylated in Escherichia coli during amplifica-
tion in the presence of chloramphenicol. In addition, under-
methylation of phage A DNA was observed after thermal in-
duction of a AcI857 lysogen while the integrated A phage DNA
was found to be fully methylated. These methylation pattern
changes occur under conditions (extensive replication) in
which the intracellular methylase level becomes limiting. In an
E. coli strain that harbors a plasmid that carries the dam
methylase gene and therefore overproduces dam methylase,
there is no undermethylation of dam sites in either of the extra-
chromosomal DNAs. The sites that are methylated by the mec
methylase in both plasmid and A phage DNAs were under-
methylated in the dam overproducer as well. These results in-
dicate that the intracellular level of the E. coli methylase deter-
mines the DNA methylation pattern.

Partial undermethylation of CpG-containing sequences in
eukaryotic DNA forms a discrete tissue-specific pattern of
methylation. In vertebrate this DNA methylation pattern
shows a remarkable correlation with the activity of tissue-
specific genes (1). Several studies in mammalian cells clearly
demonstrate that an established pattern can be clonally in-
herited for many cell generations (2, 3). However, the mech-
anism by which such a methylation pattern is formed is still
obscure. It was previously suggested that in Escherichia coli
DNA, as in eukaryotes, few unmethylated G-A-T-C sites on
a high methylation background may serve as hot spots to
nuclease activity, which might play a role in biological pro-
cesses such as genetic recombination, replication, and mis-
match repair (4-7). Therefore, it is possible that a methyl-
ation pattern of prokaryotic DNA may also be of biological
significance.

Although E. coli DNA is methylated essentially in all G-A-
T-C sites (adenine residue methylated by the dam methyl-

ase) and C-C-%—G-G sites [inner cytosine residue methylated

by the mec methylase (8-10)], the DN A of the bacteriophage
\ that propagates in these cells is only partially methylated
(11). This phenomenon prompted us to study the pattern of
methylation of the A DNA and to examine the possibility that
the rate of replication and intracellular level of the methylase
plays a role in forming this pattern. In the present study, we
have analyzed the changes in the pattern of methylation of A
DNA and the DNA of the plasmid pBR322 during their repli-
cation. The effect of the intracellular level of the dam meth-
ylase on these methylation patterns was examined by analy-
sis of the methylation patterns in a dam overproducer strain
(12). The results clearly demonstrate that the methylase level
in E. coli cells is limiting; therefore, the methylase level af-
fects the methylation patterns of actively replicating extra-
chromosomal DNA.
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MATERIALS AND METHODS

Bacterial Strains. The following bacterial strains were used
in this study: E. coli JC5183 cells harboring the pBR322 plas-
mid; E. coli JC4583/pGGS503 (dam methylase overproducer)
harboring the plasmid pGG503 composed of a Pst I fragment
containing the dam gene inserted into a Pst I site of pBR322
(12); N lysogen AcI857croy;P; and AcI857susO,9 (prophages
incapable of DNA replication); SA500su~ host lysogenic for
AgthcsusEsusWsusS prophage (defective in their packaging
function) and AcI857Sam7/pGG503 (dam methylase over-
producer).

RESULTS

As a first step towards the elucidation of the mechanisms
underlying A DNA hypomethylation, we analyzed the pat-
tern of methylation of mature A\ phage DNA (isolated from a
heat-inducible lysogen of E. coli AcI857S7). The large num-
ber of methylatable sites in bacteriophage A DNA (116 G-A-

T-C sites and 71 C-C-%-G-G sites) makes the analysis of

the state of methylation of all of these sites in the entire A
genome very complicated. The N DNA was therefore
cleaved by EcoRlI and the analysis was performed separately
on the individual EcoRI fragments (13). Two different ap-
proaches were taken to analyze the distribution of 5-methyl-
cytosine residues along the A genome. The first approach
was to analyze the extent of methylation of the internal

cytosine in the C-C-‘%-G-G sites. Each fragment was
cleaved with the restriction enzyme BstNI (which cleaves in

C-C ‘A-G-G
G-GT; C-C

sine residue is methylated) and the resulting sticky ends were
filled with [o->*P]dTTP by using E. coli DNA polymerase I
large fragment. The labeled DNA was subjected to nearest
neighbor analysis and the extent of methylation of the inter-
nal cytosine residue was calculated (14). The extent of meth-
ylation of C-C-T-G-G sequences was 32%, 59%, 43%, and
25% for EcoRlI fragments 1, 2, 3 + 3a, and 4, respectively
(see EcoRI restriction map in Fig. 1). These results imply
that the distribution of methylated C-C-T-G-G sequences is
not uniform throughout the A phage genome. The second ap-
proach was to digest each A\ EcoRI fragment with BszNI and

in parallel with EcoRII (which cleaves iC-C-%-G-G sites at

the arrow exclusively when the inner cytosine residue is not
methylated on both strands). The BstNI fragments were la-
beled as described above. The EcoRII fragments were la-
beled by filling the sticky ends with [a-*2P]dCTP. The la-
beled BstNI and EcoRII fragments were size fractionated by
gel electrophoresis and the gel was autoradiographed (Fig.
1). The Bs:NI fragments (lanes 2, 4, 6, and 8) represent the

distribution of all C-C-%-G-G sites, whereas the parallel

at the arrow, whether or not the internal cyto-

Abbreviations: kb, kilobase(s); CAM, chloramphenicol.
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FiG. 1. The pattern of methylation of A phage DNA. Mature A
phage DNA has been digested with EcoRI. Isolated EcoRI frag-
ments were treated with BstNI or EcoRII. The resulting sticky ends
were 32P-labeled by end filling (see text). The labeled DNA was size
fractionated by gel electrophoresis. The gels were dried and autora-
diographed. Each pair of lanes represents analysis of another EcoRI
fragment (from left to right, RI1, RI2, RI3 + 3a, and RI4; see map).
EcoRII digests, odd-numbered lanes; BstNI digests, even-numbered
lanes. A restriction map of the entire genome cut with EcoRI is
shown; the expanded band is a restriction map of RI4 with EcoRII.
kb, Kilobases.

EcoRII fragments (lanes 1, 3, 5, and 7) monitor nonmethylat-
ed sites.

A similar analysis has been performed with respect to
G-A-T-C sites. As these sites are more abundant than

C-C-%-G-G sequences, the pattern is more complex and a

detailed analysis was not attempted. The overall picture,
however, is of a more pronounced undermethylation of the
G-A-T-C sites (data not shown). The fact that methylated
sites are found along the entire A genome makes the possibil-
ity very unlikely that the mature A DNA is undermethylated
because the DNA is packaged into the coat before a proces-
sive methylase methylates the entire genome.

The hypomethylation of mature A phage DNA may have
resulted by inhibition of the methylation reaction caused by
some properties of the \ phage, or, alternately, it may reflect
the high rate of replication of A DNA. To test these possibili-
ties the following experiment was devised. Cells lysogenic
for AcI857Sam7 prophage were induced to undergo a lytic
cycle by a temperature shift to 42°C. The cells in which the A
DNA was replicating were harvested at various time inter-
vals after induction and the DNA was purified. The DNAs
were digested with the two isoschizomer pairs Mbo
I/Sau3Al and EcoRII/BstNI. The digested samples were
electrophoresed, blotted, and hybridized to a 32p_abeled A
DNA probe and the autoradiograms were scanned. The re-
sults of such an experiment are presented in Fig. 2. At time
0, when the A genome is integrated into the cell chromo-
some, both G-A-T-C and C-C#%-G-G sites, were highly
methylated, as judged by the resistance of the DNA to Mbo 1
and EcoRII treatment. Five minutes after the temperature
shift, the A DNA was already excised and replicating (see
Fig. 4A); however, it was still methylated. Pronounced un-
dermethylation was observed around 15-30 min after induc-
tion. In a more detailed kinetic experiment, hypomethylation
of A DNA was first observed between 7 and 9 min after in-
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Fic. 2. Analysis of the extent of methylation of replicating A
phage DNA. E. coli cells lysogenic for A\cI857Sam7 prophage were
grown in rich medium (L broth) at 30°C to mid-logarithmic phase. At
this stage the incubation temperature was shifted to 42°C. Aliquots
were removed from the culture at 0, 5, 15, and 30 min after the tem-
perature shift. Cellular DNA was purified and digested with EcoRI
together with one of the restriction enzymes Sau3Al, Mbo 1, BstNI,
and EcoRIl. DNA fragments were fractionated by 1% agarose gel
electrophoresis, blotted to nitrocellulose sheets, and hybridized to
32p_jabeled ARI-2 fragment for the Mbo I digest and ARI-3 fragment
for the EcoRII digest. The autoradiograms were scanned by using a
Helena Laboratories (Beaumont, TX) Quick Scan. The range was
adjusted to accommodate the peak of undigested DNA. Note that at
time 0, in the EcoRII panel the smaller band reflects contamination
of the ARI-3 probe with ARI-4.

duction. However, extensive undermethylation was detect-
ed 3 hr after induction in a \ strain defective in its lysis func-
tion (AcI857Sam7) (data not shown).

To study the rate of replication of A DNA after induction,
aliquots were removed from cell cultures at various time pe-
riods after induction, dot blotted as described (15), and hy-
bridized to a 3?P-labeled A DNA probe. The A DNA copy
number per cell was calculated by determining the intensity
of radioactive spots relative to the intensity of the 0 time spot
(1 A copy of prophage DNA) (see Fig. 4A). This analysis
demonstrated that A DNA proliferation is initiated immedi-
ately after inductjon and proceeds at a rapid rate thereafter,
reaching a level of 15-20 copies per cell at 30 min and 200-
300 copies per cell at 3 hr. A comparison of the kinetics of
undermethylation with the parallel kinetics of replication re-
veals that A DNA is fully methylated as long as the copy
number of A DNA remains low (7 min). Amplification of A
DNA is accompanied by substantial undermethylation of the
DNA.

Control experiments were carried out by using the strains
lysogenic for A mutants incapable of DNA replication
(AcI857cro,7P; and AcI857susO,g). Methylation of these A
DNAs was analyzed as described above at 0, 15, and 30 min
after induction. The A DNAs were fully methylated even at
30 min after induction. It has been argued before that under-
methylation may have resulted from rapid packaging of the
DNA into phage particles (11). To test this possibility, we
analyzed the extent of methylation of the DNA of A mutants
defective in their packaging function. After induction of
SAS500su™ host lysogenic for AgthcsusEsusWsusS pro-
phage, A DNA was found to be undermethylated to a similar
extent as the wild-type control (data not shown).
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It has been shown previously that plasmids prepared from
an overnight E. coli culture are methylated in essentially all
C-C-%-G-G and G-A-T-C sites (8). As plasmid replication
is completed long before the isolation of the DNA, it is possi-
ble that plasmid DNA undergoes undermethylation during
its active replication, as demonstrated above for A DNA. To
test this possibility, E. coli cells harboring pBR322 were har-
vested at various time intervals after the addition of chloram-
phenicol (CAM) and plasmid DNA was isolated. Plasmid
DNA samples were digested with Mbo 1, Sau3Al, BstNI,
and EcoRII. The restricted DNA samples were electropho-
resed, blotted, and hybridized to a 3*P-labeled pBR322
probe. The autoradiograms of this blot were scanned and the
results presented in Fig. 3. These analyses revealed that ac-
tively replicating pBR322 molecules are undermethylated at
G-A-T-C sites and at C-C-$-G-G sites. This undermethyla-
tion, which was almost undetected before the addition of
CAM, gradually increased, reaching its peak 3 hr after CAM
addition. From this point on, unmethylated sites were meth-
ylated de novo, resulting in almost 100% methylation by 16
hr. It was of interest to determine whether the changes in the
methylation pattern during plasmid DNA replication corre-
late with the rate of replication. To this end, the rate of
pBR322 amplification was analyzed by dot blotting DNA
that was isolated from E. coli cells harboring the plasmid at
various time periods after the addition of CAM and hybrid-
ization with a 3?P-labeled pBR322 probe. The relative
pBR322 copy number was determined by measuring the in-
tensity of the radioactive spots relative to the intensity of the
0 time spot (=50 copies per cell) (Fig. 4B). pBR322 DNA was
maximally undermethylated at 2-3 hr (Fig. 3), coinciding
with the peak of the rate of amplification (Fig. 4B). The de-
crease in the rate of amplification was accompanied by an
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FiG. 3. Analysis of the extent of methylation of replicating
pBR322 DNA. E. coli cells (5183 cells) harboring the pBR322 plas-
mid were grown and treated with CAM (100 ug/ml). Aliquots were
removed at 0, 1, 2, 3, 4, 6, and 16 hr after addition of CAM. Total
DNA was isolated from the cells and restricted with EcoRlI to linear-
ize the plasmid and with Mbo 1, Sau3Al, EcoRIl, and BstNI. The
restricted DNA samples were electrophoresed, blotted, and hybrid-
ized to a 32P-labeled pBR322 probe. Autoradiograms were scanned
as described in the legend to Fig. 2. The 4.3-kb band represents un-
cut linearized pBR322 DNA.

Proc. Natl. Acad. Sci. USA 81 (1984)

almost full restoration of all methyl groups 16 hr after CAM
addition. The kinetics of undermethylation of all C-C-%-G-G

sites during pBR322 amplification could be studied in detail
as only six EcoRII sites are present in pBR322 DNA. Al-
though the C-C-%-G-G sites located at positions 2636, 2626,
and 2502 on the physical map of pBR322 are undermethylat-
ed even at time 0 and become prominently undermethylated
at 2 hr, the site at position 1059 becomes undermethylated by
1 hr and the sites at positions 1442 and 131 become under-
methylated by 3 hr (see Figs. 3 and 6). This series of events
resulting in a sequential loss of methyl groups suggests that
the methylase shows different affinities to the various sites.

The observation that actively replicating extrachromo-
somal DNAs in E. coli undergo undermethylation could be
interpreted in several ways. One possible interpretation
could involve inhibition of the methylation reaction or deple-
tion of the methylase as a result of the induction (CAM or
temperature shift). However, a more likely explanation
might be that a limiting intracellular level of E. coli DNA
methylases on one hand and a rapid formation of methylata-
ble sites on the other hand may result in undermethylation.
Based on data reported for the dam enzyme in the overpro-
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FiG. 4. The kinetics of A phage and pBR322 DNA replication.
(A) E. coli cells lysogenic for AcI857Sam7 (0) and the same cells
transformed with pGG503 (0) were grown and induced by a tem-
perature shift to 42°C, as described in the legend to Fig. 2. Aliquots
of 10 ul containing =10° cells were removed at 0, 5, 7, 9, 15, 30, 90,
and 180 min after induction. The \ copy number per cell was deter-
mined. (B) E. coli cells 5183/pBR322 (0) and JC4583/pGG503 (O)
were grown to mid-logarithmic phase and treated with CAM as in
Fig. 3. Aliquots of 10 ul containing 5 X 106 cells were removed at 0,
1,2,3,4,5,9, and 16 hr after addition of CAM. The relative pBR322
copy number per cell was determined.
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Table 1. Methylase activity in wild-type and dam overproducer E. coli strains

Methylase specific activity, units/mg of protein

Wild type Overproducer Wild type Overproducer
(5183) (JC4583/pGG503) (\cI857Sam7) (AcI857Sam7/pGGS03)
Methylation Without CAM With CAM Without CAM With CAM 30°C 42°C 30°C 42°C
mec 73 55 48 12 73 70 98 82
dam 34 39 498 212 27 28 594 374

E. coli 5183 cells harboring the pBR322 plasmid or E. coli JC4583/pGG503 cells (dam methylase overproducer) were grown to mid-logarith-
mic phase and treated with CAM. Cells were harvested before and 3 hr after the addition of CAM and were saved for the preparation of
methylase. E. coli cells lysogenic for A\cI857Sam7 prophage and the same cells transformed with the plasmid pGG503 were grown at 30°C and
induced to the lytic phase by a temperature shift (30°C — 42°C). Cells were harvested before and 30 min after the temperature shift. Methylase
activities (dam and mec) in these crude extracts were assayed as described (14) by using calf thymus DNA digested with BszNI as substljate for
the dam methylation reaction and DNA cleaved with Mbo I as substrate for the mec methylation reaction. One unit of methylase activity = 1

nmol of CHj; incorporated per hr under standard assay conditions.

ducer strain (JC4583/pGGS03) (12), 450 methylase mole-
cules were estimated in such an overproducer cell. As this E.
coli strain overproduces the enzyme 10- to 20-fold, as com-
pared with wild-type E. coli (see Table 1; ref. 13), the num-
ber of dam methylase molecules per E. coli wild-type cell
must be in the range of 20-40. Given the number of methyl-
ase molecules per cell, the in vivo rate of replication fork
movement (16), the frequency of G-A-T-C sites in E. coli
DNA (8), and the turnover number of the enzyme (12), a
methylation quotient could be calculated. The methylation
quotient Q designates the ratio of methylation capacity
(number of methylase molecules times turnover number)
over newly replicated methylatable sites. By this calcila-
tion, a methylation quotient of about 1 is obtained.$ This cal-
culated methylation quotient indicates that the intracellular
level of the dam methylase is limiting.

The argument that the low methylase activity in E. coli
cells results in the demethylation of A and pBR322 DNA
gained further support from kinetic experiments in a dam
overproducer strain. The A lysogen (cI857Sam7) has been
transformed with the pGG503 pia'smid. The methylation of
G-A-T-C sites in A\ DNA after a temperature shift and in
pGG503 DNA after addition of CAM has been analyzed as
described above. Undermethylation of these sites was ob-
served neither in the A DNA nor in pGG503 DNA (Fig. 5).

As an internal control, the methylation of C-C-%—G-G sites

has been analyzed in the two DNAs. The A DNA and
pBR322 DNA were not affected by the presence of pGG503
in the cells and underwent demethylation as expected (Fig. 5).

The dam methylase and mec methylase activities in the

crude extracts were estimated by eliminating the C-C-?-G-G

sites in the substrate (treatment of the calf thymus DNA with
BsiNI) and eliminating the G-A-T-C sites (Mbo I digestion of
the substrate DNA). The results of these methylase assays
are summarized in Table 1. Two conclusions based on these
results can be made. (i) The temperature shift or CAM treat-
ment has almost no effect on the methylase activities. (ii)
The level of dam methylase activity in the overproducer
cells is 10- to 20-fold higher than the activity in the wild-type
E. coli, whereas, as expected, no change in the mec methyl-
ase activity is observed.

A Kinetic analysis of the rate of replication of A phage and
PBR322 DNA in wild-type and overproducer cells revealed
that the overproducer has no effect on the rate of replication
as well (Fig. 4). This observation ruled out the possibility
that a decrease in the rate of replication contributed to the
lack of hypomethylation in the overproducer.

NIG _ (20-40) - 20 - 250
§ =S —_— e — ) =
[ B 2 X 10° 0.5-1.0, where N = number of
molecules in a single cell = 2040 (see above); B = rate of replication
(base per min) = 2 x 10°; G = frequency of G-A-T-C sites ™! = 250;
T = turnover number of enzyme = 20 CH; per min per molecule.

DISCUSSION

In the present study we tested the possibility that the pattern
of DNA methylation is determined by an interplay between
the rate of DNA replication and the intracellular level of the
DNA methylase. Two E. coli extrachromosomal DNAs were
analyzed: bacteriophage A and pBR322 DNA. Although
these DNAs differed from each other in many respects, both
were extensively undermethylated during active replication.
The kinetics of the loss of methyl groups in these DNAs cor-
related with the rate of DNA replication. As \ phage is pack-
aged into a protein coat; the mature A phage DNA remains
undermethylated, whereas pBR322 molecules may undergo
methylation after replication has been completed. The re-
quirement for replication in the undermethylation process
was clearly demonstrated by using replication-defective A
mutants in which loss of methyl groups was not observed.

O
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FiG. 5. Analysis of the extent of methylation of replicating A
phage and pBR322 DNA in a dam overproducer E. coli strain.
(Left) E. coli cells JC4583/pGGS03 were grown to mid-logarithmic
ghase. Aliquots were removed at 0, 3, 4, 6, and 16 hr after the addi-
tion (X’ CAM (100 ug/ml). The state of methylation of G-A-T-C and
C-C-T-G-G sites in pGGS503 was determined. The scans of the re-
spective autoradiograms are presented (for details, see legend to
Fig. 3). (Right) E. coli cells lysogenic for AcI857Sam7 were trans-
formed with the plasmid pGGS03 (kindly provided by P. Modrich).
These \ lysogen dam overproducer cells were induced by a tempera-
ture shift to 42°C. Aliquots were removed at 0, 5, 15, 30, and 180 min
after induction. The state of methylation at G-A-T-C and C-C-?-G~G
sites in DNA was determined as described above. The scans of the
autoradiograms are presented (for details, see legend to Fig. 2).
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FiG. 6. Sequential changes in a methylation pattern. At a meth-
ylation quotient Q < 1 (for definition of Q, see text), sequential hy-
pomethylation takes place. The first hypomethylation event results
in loss of methyl groups in the sites with lowest affinity for the en-
zyme: a, b, and c (e, methylated site; O, unmethylated site). The
second event occurs on site e (intermediate affinity) and the last
event occurs on sites d and f, which represent sites of highest affini-
ty for the methylase. When Q > 1, de novo methylation takes place
in an opposite order: first at sites d and f, followed by methylation of
site €, and lastly a third de novo methylation occurs at sites a, b, and
c. This scheme is based on experimental data obtained for changes
in methylation of the EcoRII sites of pBR322, as presented in Fig. 3.
For simplicity, only molecules that underwent changes in their
methylation pattern are presented in the scheme. It should be noted
that every hypomethylation event requires two replication cycles.

An attractive explanation for the observed replication-de-
pendent loss of methyl groups is that the intracellular level of
DNA methylase is limiting. The data presented here indicate
that one of the E. coli DNA methylases, the dam gene prod-
uct, is indeed limiting. It is just sufficient to adequately
methylate methylatable sites emerging during replication of
the c¢ell chromosoine, whereas rapidly replicating extrachio-
mosomal DNA becomes undermethylated. In addition, in a
dam overproducer strain no detectable hypomethylation of
extrachromosomal DNA has been observed. A careful ex-
amination of the methylation pattern of the extrachromo-
somal DNA during its replication reveals that the methyl-
ation changes are site specific (Fig. 6). This might add to our
understanding of the biological role of DNA methylation in
E. coli. It has been suggested that transiently unmethylated
sites exist during DNA replication (4). These sites may serve
as hot spots for nuclease activity, which may, among other
functions, direct the mismatch repair system (6), as recently
demonstrated (17). The present study indicates that unmeth-
ylated sites may exist if the intracellular level of the methyl-
ase is not in excess. In a methylase overproducer cell no
such sites exist, resulting in a hypermutable phenotype (18).

When the value of the methylatable quotient Q is <1, se-
quential loss of methyl groups occurs (for ¢xperimental data,
see Figs. 2 and 3). In the case of Q > 1, de novo methylation
will replenish the methyl groups in the inverse sequence of
events that took place during their loss (see Fig. 3, 4-16 hr).
In view of the results described and summarized in Fig. 6,
we propose that the sequence of events leading to the forma-
tion of a methylation pattern is determined by the affinity of
the methylase to the various sites and that a major factor in
the regulation of the processes involved in the establishment
of a pattern may be the intracellular level of the DNA meth-
ylase.

Proc. Natl. Acad. Sci. USA 81 (1984)

Comparable evidence for limiting levels of methylase in
eukaryotic systems is not available as yet; however, some
reported observations are supportive of such a possibility. In
all cases studied, extrachromosomal viral genomes are com-
pletely unmethylated, whereas the integrated viral genomes
are methylated (19). The rRNA genes of Xenopus are ampli-
fied 10°-fold at early stages of development and are com-
pletely unmethylated, whereas the original unamplified ge-
nomic gene is heavily methylated (20). It is possible that the
increase in DNA replication during the process of amplifica-
tion is not compensated by an adequate methylase level and
the result is undermethylation. Such a loss of methyl groups
has been observed when a methylated aprf gene was intro-
duced into L cells and underwent amplification in response
to selection for the Aprt* phenotype (21). 5-Azacytidine is
known to inhibit the methylase and to cause undermethyla-
tion (22). The fact that a relatively limited inhibition of the
methylase can cause a decrease in the extent of methylation
of the cellular DNA strongly suggests that the methylase is
limiting. In addition, a loss of methyl groups also has been
observed during mouse embryogenesis in rapidly replicating
cells (23). If, indeed, the eukaryotic DNA methylase is limit-
ing it might play a significant role in establishing the methyl-
ation pattern of eukaryotic DNA that is believed to be in-
volved in gene activity.
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