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DnaA is a replication initiator protein that is conserved among bacteria. It plays a central role in the
initiation of DNA replication. In order to monitor its behavior in living Escherichia coli cells, a nonessential
portion of the protein was replaced by a fluorescent protein. Such a strain grew normally, and flow cytometry
data suggested that the chimeric protein has no substantial loss of the initiator activity. The initiator was
distributed all over the nucleoid. Furthermore, a majority of the cells exhibited certain distinct foci that
emitted bright fluorescence. These foci colocalized with the replication origin (oriC) region and were brightest
during the period spanning the initiation event. In cells that had undergone the initiation, the foci were
enriched in less intense ones. In addition, a significant portion of the oriC regions at this cell cycle stage had
no colocalized DnaA-enhanced yellow fluorescent protein (EYFP) focus point. It was difficult to distinguish the
initiator titration locus (datA) from the oriC region. However, involvement of datA in the initiation control was
suggested from the observation that, in �datA cells, DnaA-EYFP maximally colocalized with the oriC region
earlier in the cell cycle than it did in wild-type cells and oriC concentration was increased.

Initiation of DNA replication is highly regulated to coordi-
nate with cell proliferation. It begins with a series of events in
which the replication machinery is assembled at the replication
origin of the chromosomal DNA (15, 26, 28, 38). Central to
this process are the initiator proteins that bind to the origin of
replication and eventually lead to the unwinding of the origin
and to helicase loading on the unwound region. Previous bio-
chemical studies and recent structural studies of the bacterial
initiator protein DnaA have proposed the molecular mecha-
nism of the action of ATP-DnaA in forming a large oligomeric
complex to remodel the unique origin, oriC, and trigger duplex
melting (12, 26). However, it is still not clear how the timing of
initiation is controlled so that it takes place at a fixed time in
the cell cycle. It has been reported that a basal level of DnaA
molecules is bound by high-affinity DnaA binding sites (DnaA
boxes R1, R2, and R4) at oriC throughout the cell cycle (9, 37).
It is also suggested that noncanonical ATP-DnaA binding sites
within oriC are occupied at elevated levels of the initiator
molecules prior to the initiation event (18, 25). Thus, regula-
tion of the activity and availability of DnaA is an important
factor for the initiation control.

At least three schemes are known to prevent untimely initi-
ations in Escherichia coli. First, oriC is subject to sequestration,
a process that prevents reinitiation, possibly by blocking ATP-
DnaA from binding to newly replicated oriC (8, 24). E. coli
oriC contains 11 GATC sites that are normally methylated on
both strands by Dam methyltransferase. Immediately after pas-
sage of the replication fork, GATC sites are in a hemimethyl-
ated state, with the newly synthesized strands remaining un-

methylated. SeqA binds specifically to such sites and, at oriC,
protects these regions from reinitiation for about one-third of
the cell cycle (6, 39). Second, in a process termed regulatory
inactivation of DNA (RIDA), ATP-DnaA molecules are con-
verted to an inactive ADP-bound form after initiation by the
combined action of a � subunit of DNA polymerase III ho-
loenzyme and Hda (16, 17). Newly synthesized DnaA mole-
cules are able to bind ATP for the next initiation event, since
its cellular concentration is much higher than that of ADP.
ATP-DnaA is also regenerated from the inactive ADP-DnaA
later in the cell cycle (21). Finally, the chromosomal segment
datA serves to reduce the level of free DnaA protein by titrat-
ing a large number of DnaA molecules after replication of the
site close to oriC (20).

Cytological studies would be very useful for developing our
understanding of the regulation mechanisms associated with
the initiation step. In the present study, we tagged E. coli DnaA
with a fluorescent protein in order to monitor its behavior in
live cells. Microscopic observation revealed that DnaA is dis-
tributed all over the nucleoid. Remarkably, the majority of
cells bore distinct foci that emitted brighter fluorescence
against a weak fluorescent background on the nucleoid. We
analyzed the behavior of these foci during the cell cycle with
respect to oriC and datA.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Table 1 lists the primer
oligonucleotides that we used for PCR. In all PCRs, the high-fidelity KOD-plus
DNA polymerase (Toyobo) was used.

To create MG1655dnaA-eyfp, two portions of the dnaA gene on a plasmid
were amplified by PCR using primer sets BGL plus YFP-NL and YFP-CU plus
PME. PCR amplification of eyfp was carried out using pEYFP (Clontech) as a
template and YFP-NU and YFP-CL as primers. The primers YFP-NL and
YFP-NU as well as the primers YFP-CU and YFP-CL are complementary.
Therefore, PCR in the presence of primers BGL and PME and the three
fragments BGL to YFP-NL, YFP-NU to YFP-CL, and YFP-CU to PME yielded
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a dnaA gene segment from the BglII to PmeI sites, in which sequences corre-
sponding to residues 87 to 104 of DnaA were replaced by eyfp. This fragment was
used to replace the BglII-PmeI fragment of pKH5002SBdnaA and was subse-
quently introduced into the chromosomal dnaA locus by two successive homol-
ogous recombinations in vivo as described elsewhere (33).

To introduce a 240-copy lacO array at ori1 (15 kb counterclockwise from oriC)
(42), two portions of the chromosomal attTn7 locus were amplified by PCR using
primer sets attTn7LR plus attTn7LL and attTn7RR plus attTn7RL. The termini
of the two fragments, attTn7LR to attTn7LL and attTn7RR to attTn7RL, over-
lap by 24 bp and carry a SmaI site in the overlapping sequence introduced by
primers attTn7LL and attTn7RR. PCR in the presence of these two fragments
and the primers attTn7LR and attTn7RL yielded one fused fragment. The fused
fragment was cleaved at both ends with XbaI and EcoRI and introduced into the
XbaI-EcoRI region of pUC18. The lacO array-kan fragment obtained from
pLAU43 (22) as an XbaI-EcoRI fragment was then inserted by blunt-end liga-
tion into the SmaI site of the resulting plasmid. From this plasmid, a portion of
the attTn7 sequence carrying the lacO array-kan fragment in the middle was cut
out with XbaI and EcoRI and introduced into MG1655dnaA-eyfp by the method
of Datsenko and Wanner (11).

The lacO array-kan fragment of pLAU43 was introduced similarly at dat1 (20
kb clockwise from datA) and at ter2 (42), respectively, of MG1655dnaA-eyfp,
except that pKH5002SB (20) was used instead of pUC18 and the XbaI site was
created at both ends of the fused fragments for introduction into the XbaI site
of pKH5002SB. For introduction into dat1, primer sets lacOdatLR plus lacOdatLL
and lacOdatRR plus lacOdatRL were used, and for introduction into ter2, primer
sets lacOterLR plus lacOterLL and lacOterRR plus lacOtertRL were used.

The inducible fluorescent repressor gene (PBAD-lacI-ecfp) was transferred by
P1 transduction from TH130 [�AB1157�(353820–353822)::(araC PBAD-lacI-
ecfp FRT-kan-FRT)] (13). The kan marker was removed during a final step using
pCP20 as described elsewhere (11).

The strain carrying the inducible fluorescent repressor gene (PBAD-lacI-ecfp-
tetR-mCherry) was created as follows. The mCherry sequence was amplified from
pmCherry (Clontech) using primers tetR-mCherry5 and tetR-mCherry6. The
FRT-cat-FRT sequence was amplified from pKD3 (11) by using primers tetR-
mCherry7 and tetR-mCherry4. PCR in the presence of these two fragments as
templates and tetR-mCherry5 plus tetR-mCherry4 as primers yielded a fragment
consisting of (tetR)-mCherry-FRT-cat-FRT-(yajR). This fragment was intro-
duced into YK1382 [ori1::tetO array ter2::lacO array �yajR::(araC PBAD-lacI-
ecfp tetR-eyfp-FRT-cat-FRT)] following the method of Datsenko and Wanner
(11). From the resulting strain, the �yajR::(araC PBAD-lacI-ecfp tetR-mCherry-

FRT-cat-FRT) region was transferred to the MG1655dnaA-eyfp ori1::tetO
array-dat1::lacO array by P1 transduction.

The host strain used in Fig. 2 features the inducible tetR-mCherry gene. To
construct this strain, the chromosomal sequence from tetR through cat-FRT of
the strain carrying �yajR::(araC PBAD-lacI-ecfp tetR-mCherry-FRT-cat-FRT)
(described above) was amplified by PCR using primers tetR-mCherry8 and
tetR-mCherry9. The amplified fragment was used to replace the lacI-ecfp se-
quence of MG1655dnaA-eyfp �(353820–353822)::(araC PBAD-lacI-ecfp FRT-
cat-FRT) following the method of Datsenko and Wanner (11). The cat marker
was removed using pCP20.

To construct pNZK1, the tetO array-Gmr fragment was cut out from pLAU44
(22) using XbaI and XhoI and was introduced into pKV713 (19) by replacing the
SnaBI-HpaI region in the sopABC region. pNZKdatA carries the chromosomal
datA EcoNI-XhoI fragment that was inserted into the EcoRI site of pNZK1 by
blunt-end ligation. The datA�box2 mutation is described elsewhere (34).
pNZK1oriC�13-mer was made by inserting the chromosomal oriC region that
lacked the 13-mer region at the SalI site of pNZK1. The defective oriC fragment
was amplified using pCM959 (7) as a template and del13mersR and del13mersL1
as primers.

Cells were grown at 30°C in all experiments. In the experiments in Fig. 1, M9
medium containing 0.2% D-glucose was used. In the experiments in Fig. 3 to 5,
M9 medium containing 0.2% L-arabinose was used. Overnight cultures were
inoculated into fresh medium and grown until the optical density at 650 nm
reached 0.2 to 0.3. In the experiments in Fig. 2, cells grown in M9 medium
containing 0.2% D-glucose and 25 �g/ml ampicillin were harvested at room
temperature by a brief centrifugation, suspended in M9 medium containing 0.2%
L-arabinose, and grown for an additional 90 min to induce the fluorescent
repressors.

Fluorescence microscopy. A portion of a culture was concentrated by brief
centrifugation and was suspended in fresh medium at room temperature. An
aliquot was transferred to a poly-L-lysine-coated glass slide. Microscopic images
were obtained and analyzed using an Axiovert 200 M inverted microscope (Carl
Zeiss) and MetaMorph software. Relative intensity of DnaA-enhanced yellow
fluorescent protein (EYFP) fluorescence was measured using ImageJ software
and the interactive three-dimensional surface plot plug-in. In this work, only the
fluorescent spots with intensity levels from 192 to 255 in 0-to-255 grayscale levels,
shown as the red color in Fig. 4B (DnaA-EYFP), were regarded as foci. Within
this category, faint foci and bright foci were defined as those emitting fluores-
cence intensities of 192 to 223 and 224 to 255, respectively.

TABLE 1. Oligonucleotide primers used for PCR

Name Sequence (5�–3�)

PME ...................................GTAGTAGCGTTTAAACTCTTCGATC
BGL....................................GAAACAGAAGATCTCTTGCGCAG
YFP-NU.............................CCGGTGACGCAAACGATGGTGAGCAAGGGC
YFP-NL .............................GCCCTTGCTCACCATCGTTTGCGTCACCGG
YFP-CU.............................GACGAGCTGTACAAGCAGCCGCAACGTGCT
YFP-CL..............................AGCACGTTGCGGCTGCTTGTACAGCTCGTC
attTn7LR ...........................CAGTTCTCTAGACTTCAGCCCTGGAATGTT
attTn7LL............................CTGCGTAAGCCCGGGGCATTTTTCTTCCTG
attTn7RR...........................GAAAAATGCCCCGGGCTTACGCAGGGCATC
attTn7RL ...........................CACGCGGAATTCCTGGGCCGTGGCGATCAG
lacOterLR..........................CAAATCTAGAGTGCTAACGAAACACCTGGA
lacOterLL ..........................CATACCCGGGTCCTGCATATCTCTTGTGCG
lacOterRR .........................AGGACCCGGGTATGCCGACTAAACGCTTTG
lacOterRL..........................GCTGTCTAGACCATGACCTGGTATGGACAC
lacOdatLR .........................GCGATCTAGAATGCACATCAACGCCATGTT
lacOdatLL..........................CTTGCCCGGGCTACAATTTTCACATATTTC
lacOdatRR.........................GTAGCCCGGGCAAGGCGCTCGCGCCGCATC
lacOdatRL .........................AGCGTCTAGATAGCGTAAGCACGATGGTTC
tetR-mCherry5 ..................ATTGATCATATGCGGATTAGAAAAACAACTTAAATGTGAAAGTGGGTCTGGCGGCGGTGGTAGCGGCG

GTGGCGGTAGCGGTGGCGGTGGCAGCATGGTGAGCAAGGGCGAG
tetR-mCherry6 ..................AGCTCCAGCCTACACTTACTTGTACAGCTC
tetR-mCherry7 ..................GAGCTGTACAAGTAAGTGTAGGCTGGAGCT
tetR-mCherry4 ..................AGTCTTTGTCTTCTGCGTCGGGTTGATCGTGGTTGCGGAAATTGTGTTGTCATATGAATATCCTCCTTA
tetR-mCherry8 ..................TCTACTGTTTCTCCATACCCGTTTTTTTGGGCTAGCAGGAGGAATTCACCATGTCTAGATTAGATAAAA
tetR-mCherry9 ..................GCATCAGGCATCGGCACACAGTGCCGGATGCACCGCGCGACGCATCCGACCATATGAATATCCTCCTTA
del13mersR........................ATCTCTGTCGACGATCGCACTGCCCTGTGG
del13mersL1 ......................AAATAAGTCGACAGATCGTGCGATCTACTG
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Other methods. A Western blotting experiment using a polyclonal antibody
against DnaA was carried out as described elsewhere (33). Flow cytometry was
carried out as described elsewhere (32).

RESULTS

Creating a strain that expresses a functional fluorescent
DnaA protein. Thirty to 35 amino acid residues in domain II of
E. coli DnaA have been shown to be dispensable for cell
viability (33). Based on this finding, we replaced a portion of
the chromosomal dnaA gene that codes for these nonessential
residues with gfp, eyfp, ecfp, or mCherry. Viable mutant strains
were obtained, and phenotypes of these constructs were as-
sessed by measuring growth rate and by gathering data from
flow cytometry, microscopy, and Western blotting. The strain
expressing DnaA-EYFP, in which residues 87 to 104 of DnaA
were replaced by EYFP (Fig. 1A and B), was chosen for fur-
ther study since it exhibited phenotypes that seemed closest to
those of the wild-type strain. The growth rate of this strain was
indistinguishable from that of the wild-type strain in rich and in
minimal media, at temperatures from 30 to 43°C (data not
shown). Cell length was indistinguishable from that of the
wild-type strain (Fig. 1C). Initiation frequency and synchrony
were assessed by flow cytometry of cells treated with rifampin
(rifampicin) and cephalexin (cefalexin) for several generation
times to allow for the progression of replication forks to the
termini while inhibiting new initiation and cell division, respec-
tively. The number of chromosomes per cell measured in this
experiment is equal to the number of origins per cell that were
present at the time of addition of the drugs. The results shown
in Fig. 1D indicate that replication disturbance in the dnaA-
eyfp strain is small in terms of both frequency and synchrony of
replication initiation.

Fluorescence microscopy revealed that DnaA-EYFP is lo-
cated on the nucleoid (Fig. 1E). In addition, in many cells,
bright fluorescent foci were observed against weak signals cov-
ering all the nucleoids. In Fig. 1F, randomly selected cells were
classified according to the cellular number of fluorescent foci.
Of 394 cells examined, �30% exhibited no distinct focus but
the remainder presented one to four fluorescent foci. The
majority of the latter group of cells had one focus point, mostly
located either at the cell center or at the point one-quarter
from a cell pole, or two foci, mostly located at positions ap-
proximately one-quarter and three-quarters away from a cell
pole (Fig. 1G). On the average, cells with two foci were elon-
gated relative to those with no or one focus point. A small
portion of cells that were relatively elongated exhibited three
to four foci.

oriC or datA is visible on a low-copy-number plasmid when
bound by DnaA-EYFP. From the observed locations of the
DnaA-EYFP foci (Fig. 1G), we speculated that the fluorescent
foci may have represented DnaA-EYFP molecules that were
assembled at oriC or datA, located 467 kb apart on the chro-
mosome, or at both of these locations. Therefore, we first
examined whether oriC or datA could be visualized when they
were present on a mini-F plasmid that is known to be present
at one to two copies per cell. For this purpose, we constructed
pNZK1, a mini-F-derived plasmid that carries a tetO array
(22). To visualize the plasmid, the fluorescent repressor TetR-
mCherry was expressed from the chromosomally integrated

gene under the control of the araC-PBAD promoter in the
dnaA-eyfp strain. The sop region was deleted in this plasmid
since it is involved in the plasmid localization at the cell center
(30), and this behavior would make it difficult to distinguish the
plasmid from the host chromosome. Many plasmid-free seg-
regants formed due to the absence of the sop region, but some
cells presented pNZK1 that could be visualized by bound
TetR-mCherry molecules in the cytoplasm. Only a small por-
tion (5%) of pNZK1 was present with a detectable level of
DnaA-EYFP fluorescence, despite the fact that it features two
DnaA boxes at the plasmid origin of replication. It appeared
that these rare cases were due to the fact that the fluorescence
of DnaA-EYFP on the chromosome happened to colocalize
with the plasmids. A portion of oriC that was devoid of the
13-mer region, and thus inactive for initiation origin, was li-
gated to this plasmid in order to assess the fluorescence inten-
sity of DnaA-EYFP bound to the DnaA box-containing seg-
ment of oriC. As shown in Fig. 2 (pNZK1oriC�13-mer), most
of the TetR-mCherry foci colocalized with the fluorescent foci
of DnaA-EYFP.

In the case of datA on pNZK1, the fluorescence of DnaA-
EYFP was also colocalized with most of the TetR-mCherry
foci (Fig. 2, pNZK1datA). Furthermore, DnaA-EYFP was not
visible on most of the datA plasmid when it carried the
datA�box2 mutation, in accordance with the inability of the
sequence to titrate a large number of DnaA molecules (32, 34).

Our results suggest that a single copy of oriC or datA on the
chromosome should be detectable when DnaA-EYFP is as-
sembled at the relevant locations.

Most fluorescent foci of DnaA-EYFP are colocalized with
the oriC region. In order to examine whether the fluorescent
foci of DnaA-EYFP colocalize with oriC, the lacO array was
inserted at the ori1 locus (16 kb counterclockwise of oriC) (42)
on the chromosome of the dnaA-eyfp strain. We visualized its
presence through the binding of LacI-enhanced cyan fluores-
cent protein (ECFP) as supplied by the chromosomally inte-
grated gene under the control of the PBAD promoter. The
strain grew normally like the wild-type strain with a generation
time of �120 min at 30°C in M9-arabinose minimal medium.
As measured by the number of LacI-ECFP foci, the cellular
copy number of the ori1 locus under exponential growth con-
ditions was one to four with an average of 2.16 (Fig. 3A,
datA�). Figure 3B depicts the cell cycle of the datA� strain as
inferred from the data in Fig. 3A. In addition to the proportion
of the cells with each ori1 focus number, the percentages of the
cells with each oriC copy number that were measured by flow
cytometry after replication runout are shown. The average
cellular number of oriC (2.45) was �13% higher than that of
ori1 foci (Fig. 3A). This may be due to the presence of two
copies of newly replicated oriC in a single focus point. Signif-
icant variety appeared to exist with respect to initiation time,
but a majority of the cells exhibited two ori1 foci and divided
soon after the formation of four foci. From the data in Fig. 3B,
it is estimated that, on average, replication commences at �27
min before cell division and that two copies of the newly
replicated oriC remain associated at a single focus point for
�17 min. This period is comparable to the time reported to be
required for spatial separation of oriC after its replication (0.1-
to 0.2-cell age for cells growing with the doubling time of 100
to 150 min) (1, 3, 35).
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In Fig. 4A, 100 cells of the ori1-labeled dnaA-eyfp strain were
chosen at random and positions of the fluorescent foci in each
cell were plotted. Cells analyzed in Fig. 4A are classified in Fig.
4B according to the focus number, and pictures of represen-
tative cells in five classes are shown. The number of DnaA-

EYFP foci was 0 to 3 with an average of 1.16 (Fig. 5A, datA�).
Most of the DnaA-EYFP foci were colocalized with the LacI-
ECFP foci at ori1 (Fig. 5B, datA�, LacI-ECFP foci/DnaA-
EYFP foci). On the other hand, when the strain carrying the
lacO array at the replication terminus (ter2) (42) was examined

FIG. 1. dnaA-eyfp strain. (A) Replacement of a portion of the domain II-encoding region of chromosomal dnaA by eyfp. (B) Immunoblotting
using an antibody specific for DnaA. (C) Cell length distribution measured by microscopy. Three hundred cells were selected at random. Averages
are shown with standard deviations. (D) Fluorescence histograms of DNA after replication runout. (E) Localization and focus formation of
DnaA-EYFP at the nucleoid. In the merged picture at the far right, DnaA-EYFP and DNA are shown in green and blue, respectively.
(F) Quantification of cells bearing each number of the DnaA-EYFP foci. Pictures of representative cells are presented. (G) Cellular positions of
DnaA-EYFP foci. Positions of the foci scored in panel F were measured from a pole of each cell and plotted against the cell length. Cells with
no focus are plotted as crosses on the abscissa. Colors of symbols represent cellular focus number as shown in panel F. In cells with two or more
foci, the first, the second, the third, and the fourth focus from a cell pole are shown by a square, a triangle, a circle, and a diamond, respectively.
The straight line indicates cell length. The lower panel shows the distribution of cells with each focus number in seven cell size classes. Focus
numbers are represented by colors.
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as a control, most of the DnaA-EYFP foci did not colocalize
with the LacI-ECFP foci at ter2 (Fig. 5B). This result argues
against a nonspecific distribution of the DnaA-EYFP foci.

DnaA-EYFP forms compact and bright foci in the oriC re-
gion during a period spanning the initiation event. About half
of the LacI-ECFP foci at ori1 did not colocalize with any foci
of DnaA-EYFP fluorescence (Fig. 5B, datA�, DnaA-EYFP/
LacI-ECFP). To investigate the relationship between colocal-
ization frequencies and stage in the cell cycle, we divided 100
cells into five groups (I to V), each consisting of 20 cells,
according to cell lengths reflecting stages in the cell cycle (Fig.
4A and 5C to E, datA�).

Remarkably, the localization frequency of the DnaA-EYFP
foci at ori1 varied significantly depending on cell cycle stage. It
was greatest in the size class IV cells (Fig. 5C, datA�). When
the 100 sampled cells were classified according to the number
of fluorescent foci, 23 cells had two well-separated ori1 foci, at
which compact DnaA-EYFP foci were colocalized (Fig. 4B).
These cells occupied the great majority of size class IV. Figure
5D (datA�) indicated that group IV was also highest in the
number of cells carrying DnaA-EYFP foci. Moreover, bright
foci were most abundant in this size group. Judging from the
flow cytometry data (Fig. 3B), cells in size class IV are assumed
to be at a stage around the initiation of replication and swiftly
produce three to four ori1 foci or divide into two baby cells
with one ori1 focus before forming two ori1 foci. The signifi-

cantly increased number of ori1 foci per cell in class V cells
(Fig. 5E, datA�) supports this assumption. Therefore, it is
suggested that DnaA-EYFP accumulates in the oriC region to
form bright foci during a period spanning the initiation event.

Figure 5C (datA�) also suggested that a significant portion
of the accumulated DnaA-EYFP is released from the oriC
region after initiation. In addition, DnaA-EYFP foci that still
colocalized with ori1 after initiation appeared to be enriched in
those with less-intense fluorescence. A possibility was ruled out
that most of the released DnaA-EYFP foci from ori1 remained
as foci at different positions on the nucleoid, since the focus
number of DnaA-EYFP was decreased in cells in classes I to
III and V (Fig. 5E, datA�). A reduction in the fluorescence
intensity of the remaining foci after initiation was also sug-
gested from the increased number of cells exhibiting only faint
fluorescence of DnaA-EYFP in classes I to III and V (Fig. 5D,
datA�).

Localization of DnaA-EYFP at datA and effect of datA on the
behavior of DnaA-EYFP. The initiator titration site datA is
located about 467 kb away from oriC (20). In order to examine
possible colocalization of the DnaA-EYFP focus with this site,
the lacO array was inserted at the dat1 locus (20 kb clockwise
of datA) on the chromosome of the dnaA-eyfp lacI-ecfp strain.
It was revealed that the frequency of colocalization of DnaA-
EYFP foci with dat1 was at a level comparable to that with ori1
(Fig. 5B, datA�). Measurements of cell length and distance of
the fluorescent focus from a pole of each cell did not give any
significant difference from the result obtained with ori1 (data
not shown). Thus, it was not possible to discriminate between
oriC and datA in datA� cells.

On the other hand, in cells lacking the datA function, the
frequency of colocalization of DnaA-EYFP foci with ori1 or
dat1 (LacI-ECFP foci/DnaA-EYFP foci) was �80% or �60%,
respectively (Fig. 5B, datA�box). It might be necessary to take
into account some background level of colocalization like that
observed at the ter2 locus. Furthermore, comparison of the
localization frequencies of DnaA-EYFP on dat1 between
datA� and datA�box strains suggested that nearly half of the
DnaA-EYFP foci at dat1 in the datA� strain are formed in a
manner dependent on the datA function (Fig. 5B, DnaA-
EYFP foci/LacI-ECFP foci).

A notable feature observed in the datA�box strain was that
there was an �10% increase in the average cellular number of
DnaA-EYFP foci relative to the datA� strain (Fig. 5A) and the

FIG. 2. Visualization of DnaA-EYFP bound to oriC and datA on a
low-copy-number plasmid. TetR-mCherry was temporarily induced
from a host chromosome that also carries dnaA-eyfp in place of dnaA.
In the merged picture at the far right, TetR-mCherry and DnaA-EYFP
are shown in magenta and green, respectively. White arrowheads in-
dicate colocalization of DnaA-EYFP and TetR-mCherry foci. Black
arrowheads indicate TetR-mCherry foci that are not colocalized with
DnaA-EYFP fluorescence. Percentages of the fluorescent spots of
DnaA-EYFP that colocalized with the spots of TetR-mCherry out of
100 of the latter surveyed are indicated in parentheses.

FIG. 3. Characterization of strains used to observe the colocalization of DnaA-EYFP with chromosomal loci. (A) Proportions of cells that
harbor each number of LacI-ECFP foci. Strains and positions of LacI-ECFP foci are indicated at the top. One hundred cells were chosen at random
for the focus counting. Average focus number per cell is shown. (B) Schematic of the cell cycle of the dnaA-eyfp lacI-ecfp/lacO (ori1) strain in
minimal medium at 30°C. LacI-ECFP foci are shown as dots in cells at different stages of the cell cycle. The percentages of cells with each focus
number are shown. The percentages in parentheses indicate the proportion of the cells with one to four oriC copies per cell (from left to right)
measured by flow cytometry after replication runout. Averages of five experiments are shown with standard deviations.
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population of cells that exhibited enriched DnaA-EYFP foci at
ori1 shifted to smaller cell size classes (Fig. 5C). Results in Fig.
5D and E suggested that, as with datA� cells, the reduction in
frequency of colocalization of DnaA-EYFP foci at ori1 after
initiation (Fig. 5C) is due to dissociation of the foci into
smaller assemblies or monomers.

Consistent with the previous results obtained in different
genetic backgrounds (20, 32), the cellular number of ori1 (and

dat1 as well) was increased in the datA�box strain (Fig. 3A).
These data support the idea that the absence of the datA
function leads to the assembly of DnaA-EYFP foci at oriC
earlier in the cell cycle and tends to trigger untimely initiations.

DISCUSSION

This study revealed that DnaA-EYFP of E. coli is located on
the nucleoid and forms brilliant foci in many cells. Inspection
of individual cells at different cell cycle stages suggested that
the chimeric initiator dynamically changes its assembly form in
the cell cycle (Fig. 6). During a period spanning the time of the
initiation event, the brightest foci of DnaA-EYFP were colo-
calized with the oriC region. Shortly after the initiation, about
half of the foci disappeared and a significant portion of the
remaining foci were less intense than the foci at the time
around the initiation. Although colocalization does not prove
direct interaction, these observations may be a visual confir-
mation of the previous in vivo footprinting data (9, 37).

The mechanism of dissociation of DnaA from oriC is not
clear. RIDA is assumed to operate after initiation. Therefore,
ATP-DnaA should be converted to inactive ADP-DnaA and
may be released from oriC. Sequestration of oriC by SeqA
seems to prevent association of DnaA with weaker binding
sites in oriC (29). In addition, other factors such as integration
host factor (IHF) and factor for inversion stimulation (FIS)
may be involved in the release or prevention of binding of
DnaA after the initiation (9). The fact that DnaA-EYFP foci
did not completely disappear from all ori1 loci may indicate
that a dynamic equilibrium of association and dissociation ex-
ists between DnaA-EYFP and the oriC-datA region at or near
a critical level that is detectable as a focus. It appeared that
many DnaA-EYFP foci are irregularly shaped after initiation.
Although it was possible that they are in the course of disso-
ciation or association, this was not taken into consideration in
the present work, since it was difficult to classify the morphol-
ogy of the foci accurately.

Accumulation of DnaA-EYFP to form a bright focus would
be accelerated by desequestration of the promoter region of
dnaA as well as of oriC. The dnaA gene is located close to oriC.
It is also autoregulated (2, 5). Therefore, newly synthesized
DnaA molecules, assumed to be in the ATP-bound form, may
be rapidly synthesized and recruited into the DnaA foci. Re-
juvenation of DnaA to the ATP-bound form with the help of
acidic phospholipids (10) may take over RIDA during the
reassembly process. Maximum binding to oriC at the time of
initiation may be achieved by binding to weaker binding sites
aided by architectural proteins such as HU and IHF (23).

A significant portion of cells carrying two ori1 foci had only
one colocalized focus of DnaA-EYFP (Fig. 4B). They might
result from the highly cooperative nature of intermolecular
interaction of DnaA during the association and dissociation
process. The possibility that the chimeric initiator has some
defect in behaving synchronously at the two loci is not ruled
out, however.

datA has a large DnaA titration capacity but is relatively
weak in its affinity for DnaA due to rapid dissociation (32).
These properties allow datA to serve as a temporary reservoir
of DnaA for controlled accumulation of the initiator at oriC for
the next initiation event. In addition to datA, there are �300

FIG. 4. Subcellular localization of DnaA-EYFP and LacI-ECFP
foci. (A) The positions of DnaA-EYFP and LacI-ECFP (ori1) foci in
each cell. One hundred cells of the dnaA-eyfp lacI-ecfp/lacO (ori1)
strain were examined. The ordinate represents the distance of the
focus center as measured from a cell pole. Green square, DnaA-EYFP
focus point in cells with a single DnaA-EYFP focus or the DnaA-
EYFP focus point closest to the chosen cell pole in cells that exhibited
more than one DnaA-EYFP focus point; green triangle, the second
DnaA-EYFP focus area; green circle, the third DnaA-EYFP focus
area; magenta square, ori1 focus point in cells with a single ori1 focus
or the ori1 focus point closest to the chosen cell pole in cells that
exhibited more than one ori1 focus; magenta triangle, the second ori1
focus area; magenta circle, the third ori1 focus area; magenta diamond,
the fourth ori1 focus area. Cells with no focus are plotted as crosses on
the abscissa. The straight line indicates cell length. (B) Classification
according to cellular focus number. Cells analyzed in panel A were
grouped according to the number of foci as shown. Proportions of cells
and a graph of average cell length with standard deviation in each
category are indicated. Pictures of representative cells in five catego-
ries are shown. DnaA-EYFP is presented by black and white and by
colors. In the merged pictures, LacI-ECFP and DnaA-EYFP are
shown by magenta and green, respectively. Fluorescence intensity of
DnaA-EYFP is shown at the bottom. The intensity scale is shown at
the right both by a linear gradation of black and white and by colors.

4812 NOZAKI ET AL. J. BACTERIOL.



DnaA boxes on the chromosome (36). Although these sites
appear to have little initiator-titration capacity (34), they may
be involved in accommodating released DnaA-EYFP mole-
cules, inasmuch as fluorescence was observed on the entire
nucleoid in cells that exhibit no distinct focus (Fig. 1F and 4B).

We could not discriminate between oriC and datA in datA�

cells. Rather, it appeared that these two loci were colocalized
with the DnaA-EYFP focus. However, the reduced localiza-
tion frequency of DnaA-EYFP foci at dat1 in �datA cells (Fig.
5B) seems to suggest that about half of the DnaA-EYFP foci
colocalized with dat1 in datA� cells are formed at datA. oriC
may be also complexed with DnaA-EYFP in the same foci. It
is tempting to speculate that the DnaA cluster is involved in
formation of the Ori macrodomain (31, 41), which includes
both oriC and datA.

It has been reported elsewhere that E. coli DnaA is located
at the cell membrane (27). Furthermore, the same group re-
ported recently that DnaA forms helical structures along the
longitudinal cell axis by confocal fluorescence microscopy us-
ing DnaA-green fluorescent protein (GFP)-expressing cells
and by immunofluorescence microscopy using wild-type cells
and DnaA antibody (4). We have not observed any significant
DnaA-EYFP fluorescence around the cell membrane (Fig. 1E
and data not shown). Neither have we obtained fluorescent
images suggesting helical structures of DnaA-EYFP assembly.
If DnaA-EYFP adopts helical structures as reported, fluores-
cent foci should be visible near the inner cell membrane with
certain intervals. Our study, however, cannot rule out a possi-
bility that a small portion of DnaA-EYFP molecules adopt
helical structures. Our trial of confocal microscopy has been
inconclusive due to color bleaching. We have also attempted
immunofluorescence microscopy using DnaA antibody. How-
ever, we have been unable to obtain reproducible results due to
unknown reasons. We do not know the reason for the apparent
discrepancy between the present results and the previous re-
ports. It seems, however, that our DnaA-EYFP construct is
much more active in the initiation than is the GFP-tagged
DnaA described by Boeneman et al. (4), inasmuch as our strain
does not exhibit significant differences in cell length and initi-

FIG. 5. Quantification of fluorescent focus number and colocalization frequencies of the DnaA-EYFP foci with oriC and datA regions. Data
were obtained from 100 cells that were examined in Fig. 4. (A) Quantification of cells (dnaA-eyfp lacI-ecfp/lacO array at ori1) carrying each
observed number of DnaA-EYFP foci. The average number of foci per cell is shown in the graph. (B) Colocalization frequency of DnaA-EYFP
foci with ori1, dat1, or ter2. White bars, number of LacI-ECFP foci colocalized with DnaA-EYFP foci/number of total LacI-ECFP foci; black bars,
number of DnaA-EYFP foci colocalized with LacI-ECFP foci/number of total DnaA-EYFP foci. (C) Colocalization frequency (number of
LacI-ECFP foci at ori1 colocalized with DnaA-EYFP foci/number of total LacI-ECFP foci at ori1) for cells in each size class. The five cell size
classes are I (2.3 � 0.2 �m), II (2.6 � 0.1 �m), III (3.0 � 0.1 �m), IV (3.3 � 0.1 �m), and V (3.8 � 0.3 �m) for datA� and I (2.1 � 0.2 �m),
II (2.5 � 0.1 �m), III (2.7 � 0.1 �m), IV (2.9 � 0.1 �m), and V (3.4 � 0.2 �m) for datA�box. White and dark rectangles represent bright and
faint foci, respectively. Significant differences of frequency of colocalization of DnaA-EYFP foci (bright or bright plus faint) at ori1 are indicated
with asterisks (*, P 	 0.05; ***, P 	 0.001; comparison between two cell size classes of all combinations by Fisher’s exact test). (D) Proportions
of cells bearing DnaA-EYFP foci in each size class. Categories of cells are indicated at the right. Gray rectangles represent cells carrying both bright
and faint foci. Significant differences are indicated with asterisks (�, P 	 0.05; comparison of percentages of cells carrying at least one bright
DnaA-EYFP focus between two cell size classes of all combinations by Fisher’s exact test). (E) Average numbers of LacI-ECFP (lacO array at ori1)
and DnaA-EYFP foci per cell in each cell size class. White and dark rectangles represent bright and faint foci of DnaA-EYFP, respectively.
Significant differences from all other groups are indicated by asterisks (�, P 	 0.05, and ��, P 	 0.01, by Mann-Whitney U test). †, P 	 0.05 against
cell size classes I to III but P 
 0.05 against cell size class V; ††, P 	 0.01 against cell size classes I to III but P 
 0.05 against cell size class IV;
‡, P 	 0.01 against cell size classes I to III but P 
 0.05 against cell size class V as determined by Mann-Whitney U test. In the case of DnaA-EYFP,
sums of bright and faint focus numbers were compared.

FIG. 6. Model for dynamic DnaA localization during E. coli cell
cycle. Shown is a cell cycle from two newly replicated origins to four
newly replicated origins that was a majority of the results in this study.
Clusters of DnaA molecules observed as DnaA-EYFP foci in this study
are shown in green. DnaA molecules distributed on the entire nucleoid
are shown in blue. The lower three cells at early to midcell stages
represent cells that have the oriC-datA region free of DnaA-EYFP foci
during a period after initiation.
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ation frequency from the wild-type strain (Fig. 1C and D) and
is not temperature sensitive.

Recently, it was reported that DnaA of Bacillus subtilis also
forms fluorescent foci in live cells when tagged with GFP (40).
Interestingly, the foci colocalize with oriC only at early or late
stages of the cell cycle, when replication machinery is assem-
bling or disassembling. During most of the cell cycle, DnaA
molecules colocalize with the replication fork, tethered to the
replication machinery by YabA, a unique protein that is absent
in E. coli (14). Although DnaA serves as the ubiquitous initi-
ator protein in bacteria, the regulation of initiation in gram-
positive bacteria is very different from that in E. coli, inasmuch
as several proteins known to be involved in this step have no
known counterparts. Even in gram-negative proteobacteria,
different mechanisms appear to be exploited by different bac-
terial species (43). In E. coli, it has been reported that repli-
some components assemble at oriC and, after initiation, be-
have independently from oriC (35). Further study will be
required to adequately understand the diverse initiation con-
trol systems in prokaryotes.
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