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Escherichia coli dam mutants, lacking the GATC DNA methylase, do not produce anucleate cells at high
frequencies, suggesting that hemimethylation of the chromosome origin of replication, oriC, is not essential for
correct chromosome partitioning.

Chromosome replication and cell division are strictly
coordinated during the growth of Escherichia coli. Initiation
of replication and cell division occur at precise moments in
the cell cycle, and the division event takes place at the cell
center after correct positioning of the chromosomes. It has
often been assumed that this latter event, termed chromo-
some partitioning, requires attachment of the chromosome
to one or more points in the cell membrane, primarily
because prokaryotes lack a visible mitotic apparatus, such as
the spindle, which carries out chromosome partitioning in
eukaryotes. The notion is supported by numerous reports of
DNA-membrane complexes for both chromosomal and plas-
mid DNAs (21). In chromosomal-DNA-membrane com-
plexes, the DNA was found to be enriched for oniC, the
replication origin (8). Recently, Ogden and colleagues have
gone one step further by showing that most of the onC DNA
in these complexes is hemimethylated (20). Hemimethyl-
ation occurs transiently in newly replicated DNA because
methylation is a postreplicative process. In E. coli, a major
form of DNA methylation is carried out by the Dam meth-
ylase, which methylates adenine residues in GATC se-
quences (16). Hemimethylation at oriC lasts for 8 to 10 min,
unusually long compared with periods of less than 1 min
observed elsewhere (3, 20). These results suggest that repli-
cated origins associate with the cell membrane for about 10
min and then detach. This residence time in the membrane
could be involved in chromosome partitioning.
Hemimethylation of GATC sequences plays a well-docu-

mented role in strand discrimination for correction of mis-
matches introduced during DNA replication (7). In addition,
hemimethylation has been implicated in control of initiation.
Hemimethylation at oriC blocks initiation, as shown by the
failure of hemimethylated oriC plasmids to replicate in dam
mutants (25). This inhibition is apparently due to sequestra-
tion of hemimethylated origins in the cell membrane, since
the replication of hemimethylated onC plasmids in vitro in
soluble cell extracts is inhibited by the membrane fraction
(14). Replication of unmethylated DNA is not significantly
affected by the membrane fraction (14), as one might expect
since dam mutants are viable. Flow cytometer analysis and
density shift experiments with dam mutants have shown that
replication initiation is asynchronous (2) and can occur
throughout the cell cycle, not only at the normal cell age for
initiation (1). Taken together, these results suggest that
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hemimethylation of oriC and its transient attachment to the
membrane play a role in preventing the occurrence of
multiple initiations at a single origin in the same replication
cycle.
These results do not rule out a role for membrane-origin

complexes in partitioning, for initiation and partitioning
could both be controlled by origin sequestration in the
membrane. It is relevant to pose the question of what
happens with chromosome partitioning in dam mutants, in
which the GATC DNA methylase is inactive and origin-
membrane association should no longer be operative. To test
the contribution of hemimethylation to correct partitioning,
we looked for the presence of anucleate cells, products of
partitioning errors, in exponentially growing populations of a
dam mutant. The dam mutant used in this study was
constructed by P1 transduction of dam-13: :Tn9 from
GM2199 (17) into parental strain PB103, a tryptophan auxo-
troph (6). The transductants were verified to have a mutator
phenotype because of their failure to correct replication
errors specifically on the newly synthesized (unmethylated)
strand after replication and to have unmethylated DNA, as
determined by its insensitivity to DpnI and sensitivity to
MboI, restriction endonucleases which cut DNA specifically
at methylated and unmethylated GATC sequences, respec-
tively. Coulter counter analysis and microscope examination
of growing cultures of dam mutants showed heterogeneous
cell volume distributions with normal-size, elongated, and
filamentous cells (Fig. 1). This could be due to induction of
SOS-associated division inhibitor SfiA, since dam mutants
are partially induced for the SOS response (24). We there-
fore constructed a dam-13 sfiA100::TnS double mutant (5).
The cell volume distribution of the double mutant was also
heterogeneous and varied from one clone to another (Fig. 1C
and D), suggesting that SfiA does not completely account for
the partial cell division inhibition in the dam mutant. This
type of SOS-independent division inhibition has been previ-
ously observed under conditions in which initiation or elon-
gation of DNA synthesis or chromosome decatenation was
defective (12, 19).

Fluorescence microscopy, combined with 4',6-diamidino-
2-phenylindole staining (10), was used to observe nucleoids
in cells from the different mutant populations. Cultures with
different growth rates were obtained by growing cells in
Luria Broth (LB), minimal glucose medium containing
Casamino Acids plus tryptophan (MM Glu CA), or minimal
glucose medium plus tryptophan (MM Glu). The results
presented in Table 1 show the percentages of anucleate cells
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FIG. 1. Cell volume distributions of cultures grown in MM Glu at
37°C measured with a Coulter counter equipped with a C1000
Channelyzer. A, PB103; B, dam-13; C and D, dam-13 sfiA-100.

in cultures of two independently isolated dam-13 transduc-
tants. The level of anucleate cells in dam mutants varied
from one clone to another, with a tendency to increase at
lower growth rates. The presence of an sfiA mutation had
little effect. As a control, we used a mutL218::TnlO strain
which, like the dam mutant, is defective in methyl-directed
mismatch repair and has a mutator phenotype, although,
unlike dam, it methylates GATC sequences in its DNA. In
LB, the dam mutant has about the same level of anucleate
cells as the mutL strain, approximately 0.2%. In minimal
media, the dam mutant had somewhat higher levels than
mutL, possibly as much as 10-fold, although the variability
from clone to clone makes comparison difficult. In the latter
media, some of the anucleate cells in the dam mutant may
have resulted from lack of methylation. In the dam strains,
we also observed filaments with diffuse nucleoids distributed

TABLE 1. Frequency of anucleate cells in dam' and dam-13
cultures grown in various media

Strain Medium % of anucleate cellsa

PB103 LB '0.05
PB103 MM Glu CA .0,05
PB103 MM Glu '0.05

PB103 dam-13 LB 0.2, 0.1b (0.1)
PB103 dam-13 MM Glu CA 1.8, 1.6 (1.7)
PB103 dam-13 MM Glu 3.2, 1.0 (2.1)

PB103 dam-13 sfiA100 LB 2.1, 0.5, 0.6, 0.2" (0.8)
PB103 dam-13 sfiA100 MM Glu CA 1.1, 1.0, 1.2, 1.6 (1.2)
PB103 dam-13 sfLA100 MM Glu 4.7, 1.7, 0.8 (2.4)

PB103 mutL218' LB 0.20
PB103 mutL218 MM Glu CA 0.20
PB103 mutL218 MM Glu 0.15

a From 500 to 2,000 individual bacteria from exponential-phase cultures
growing at 37°C were analyzed for each sample. Numbers in parentheses are
averages.

b Numbers refer to percentages of anucleate cells in two independently
isolated dam transductants for PB103 dam-13 and in four independent sfiAlOO
transductants of one of these dam-13 strains for PB103 dam-13 sfiA100.

' The mutL218::TnlO derivative was constructed by P1 transduction from
GW3733 (23).

along their length and elongated cells with a heavily stained
DNA mass at the center (especially in the sfiA derivatives),
reminiscent of mutants which fail to decatenate their repli-
cated chromosomes (19).
Many mutants initially suspected to be affected in parti-

tioning turned out, in fact, to be defective in DNA primase or
gyrase activity (11, 13, 19). Under nonpermissive conditions,
mutants defective in DNA initiation, chain elongation, or
chromosome decatenation produce anucleate cells and elon-
gated cells with a centrally located nucleoid (19), like those
observed in the dam strains. Recently, a partition mutant,
mukB, was isolated and characterized (9, 18). In cultures of
this mutant studied in the same experimental conditions and
genetic background as in the present work, one occasionally
sees unseparated daughter cells, one anucleate and the other
with a double complement of nucleoids (18). Such images are
not observed in cultures of dam strains.
On the basis of our microscope observations, we suggest

that the aberrant cell division products in dam mutants are
more likely to be due to a defect in DNA replication than to
a defect in chromosome partitioning. We assume that origin-
membrane interaction is severely affected in dam mutants.
However, although the mutant has no hemimethylated
DNA, there may be weaker interactions between unmethyl-
ated oriC sequences and, for example, the DnaA protein
bound to the inner membrane surface (26). Our interpreta-
tion is in agreement with previous results showing that the
oriC region of the chromosome is not sufficient for partition-
ing, since oniC plasmids are lost rapidly in the absence of
selective pressure (22), although they initiate their replica-
tion in synchrony with the chromosome (15).

It is difficult to imagine a partitioning mechanism without
interactions with the cell surface, since there should exist
some point of anchorage for the partitioning apparatus. The
MukB protein is a 177-kDa polypeptide whose predicted
secondary structure resembles myosin or the kinesin heavy
chain of eukaryotic cells (18). The deduced amino acid
sequence of the amino-terminal part is homologous to that of
a newly discovered protein, dynamin, a microtubule-associ-
ated mechanochemical enzyme found in bovine and rat brain
tissues and in Drosophila melanogaster (4, 27). The MukB
protein may provide the force required to move chromo-
somes to the correct position in the cell before division,
suggesting that E. coli possesses cytoskeletal elements. The
results presented here suggest that the partition recognition
site on the bacterial chromosome is unlikely to be hemimeth-
ylated oniC.
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