








comparison was then repeated for a culture sampled shortly after
synchronized initiation of replication (time point C). Figure 6
shows a detailed view of the SeqA and RNA polymerase binding
data across the region encompassing both oriC and the rrnC rRNA
operon at time point C. The inverse correlation between the bind-
ing of SeqA and RNA polymerase is most apparent in the rrnC

operon, which has a lower GATC content than the surrounding
DNA.

Evolution of the SeqA regulon. Since SeqA binding in E. coli
K-12 is linked to the local density of GATC motifs, it might be
possible to identify putative SeqA binding sites in other bacteria
on the basis of their GATC content. Thus, we identified 123 bac-

TABLE 1 Stable SeqA targets outside the replication origin

Gene Function(s)
SeqA binding

signala Length (bp)

No. of
GATC
motifs

No. of GATC
motifs/1,000 bpb

pyrD Pyrimidine biosynthesis 12.6 1,011 13 12.9
dmsA Dimethyl sulfoxide reductase, anaerobic respiration 7.2 2,445 20 8.2
rlmL rRNA methylation, methyltransferase 7.9 2,109 21 10.0
uup Possible role in replication fork progression 6.0 1,908 14 7.3
mukF Chromosome segregation 5.6 1,323 12 9.1
smtA S-Adenosylmethionine-dependent methyltransferase 3.9 786 7 8.9
ybiW Predicted pyruvate formate lyase 4.2 2,433 18 7.4
etk Protein-tyrosine kinase 3.6 2,181 15 6.9
potI Putrescine transporter subunit 3.2 846 10 11.8
potH Putrescine transporter subunit 2.7 954 12 12.6
ygiQ Unknown, located in operon with ftsP 2.7 2,220 21 9.5
nfrA Bacteriophage N4 receptor 2.6 2,973 14 4.7
a Taken from time point B.
b Escherichia coli K-12 has an average of 4.1 GATC motifs per 1,000 bp.

FIG 5 Stable SeqA binding targets. The figure shows ChIP-chip data for SeqA binding close to the pyrD (A) and mukF (B) genes in vivo. Data presented were
generated from unsynchronized cultures of E. coli (time point A), cultures where chromosome replication had been blocked for 1 h (time point B), and cultures
where chromosome replication had been reinitiated in synchronicity for a period of 6 min (time point C). The ChIP-chip data sets have been aligned with a graph
showing the locations of and frequencies at which GATC sites occur in the underlying DNA sequence.
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terial genomes with a SeqA homologue. We then searched each
genome for homologues of the genes listed in Table 1. If a candi-
date homologue was identified, the sequence was extracted and
the density of GATC motifs was calculated for that gene. For each
gene, we then compared the GATC density with the average
GATC density across the whole of the corresponding genome, and
the results are shown in Fig. 7 as a heat map (a higher-resolution
version is shown in Fig. S3 in the supplemental material). The
figure shows that most of the candidate genes have an increased
density of GATC motifs in most genomes. Closer inspection
shows that the genomes with SeqA homologues fall into five major
evolutionary groups and that the frequency of occurrence of
GATC sites in the selected genes is different for each group. The
best conservation of above-average GATC frequency is seen in
group 1A, which contains E. coli K-12 and closely related organ-
isms. Conversely, there is hardly any retention of higher-than-
average GATC frequency in group 2B, containing more distantly
related genomes. Note that in many cases, this is because the target
gene is simply not present (plotted as zero in Fig. 7). For example,
Shewanella frigidimarina lacks mukF, ybiW, and nfrA, while Hae-
mophilus somnus lacks pyrD, smtA, ybiW, etk, potI, potH, nfrA, and
ygiQ.

DISCUSSION

Previous attempts to define regions of the chromosome targeted
by SeqA have relied on biochemistry, bioinformatics, and tran-
scriptome analysis (31). Here, we have exploited ChIP-chip as-
says, which directly measure chromosome-wide DNA binding in
vivo, to show that SeqA binding is dynamic and responsive to
changes in the cell cycle and that it aligns with numerous genes

that play key roles in cell replication. Our data are consistent with
previous studies of cell cycle-dependent gene expression (13, 32–
37). Thus, we observed SeqA binding to the dnaA, mukB, nrdA,
seqA, mioC, and gidA genes, which are transiently repressed as they
are replicated, but no binding at the minE, tus, ftsYEK, and rpoH
loci, which are not subject to cell cycle-dependent regulation (37,
38). We note that many of the SeqA binding signals observed here
stretch across thousands of base pairs, and possibly this is due to
the formation of SeqA-DNA filaments that have been observed in
vitro or looped domains (8, 39, 40).

SeqA binding correlates well with regions of high GATC con-
tent, and our analysis showed that a spacing of close to 10 or 20
nucleotides between GATC motifs was most favorable for SeqA
binding. Additionally, a GATC motif spacing of ~50 nucleotides
or more resulted in only low levels of SeqA binding (Fig. 4). This is
consistent with previous in vitro studies (8). Interestingly, the
highly expressed rRNA operons have evolved to have a particu-
larly low occurrence of GATC sequences; the average number of
these motifs per 1,000 bp for all seven rrn operons is 1.9, compared
to a genome average of 4.1. Thus, we observed particularly low
levels of SeqA binding to the rRNA genes (Fig. 6). We suggest that
this represents a strategy used by the cell to minimize the effects of
DNA replication on rRNA transcription.

The SeqA binding profile generated from unsynchronized cul-
tures (Fig. 2A) gives an averaged view of SeqA binding at all points
in the cell cycle. Interestingly, there is a lack of SeqA binding across
an ~1.3-Mbp segment that corresponds to the chromosomal
“Ter” macrodomain (41). This region is depleted in GATC motifs,
consistent with the lack of SeqA binding signal observed. We spec-

FIG 6 SeqA binding is reduced in rRNA operons. The figure shows ChIP-chip data for SeqA and RNA polymerase binding close to the replication origin and
the rrnC rRNA operon. The data were generated from synchronized cultures of E. coli where chromosome replication had been reinitiated in synchronicity for
a period of 6 min. The ChIP-chip data sets have been aligned with a graph showing the locations of and frequencies at which GATC sites occur in the underlying
DNA sequence.
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ulate that the asymmetry in the chromosome-wide DNA binding
profile of SeqA may be important for defining the orientation of
nucleoids within the cell. Alternatively, the binding of SeqA could
be reduced in this region to allow convergent replication forks to
fuse correctly and complete genome duplication. Note that SeqA
can be forced to bind in the ter region when new replication events
are blocked (Fig. 2B). This is likely because high-affinity SeqA
binding sites elsewhere in the genome have become fully methyl-
ated, so SeqA binds to the few remaining hemi-methylated GATC
motifs that are in the ter region. Thus, upon the induction of a
fresh round of replication, hemi-methylated GATC motifs arise

elsewhere in the chromosome and SeqA rapidly dissociates from
the ter region and rebinds oriC (Fig. 2C). Thus, progression of the
replication fork triggers waves of SeqA relocation from hundreds
of targets synchronized with the cell cycle.

SeqA binding is known to persist at some loci after passage of
the replication fork (13). We identified several such sites, and one
of these, the pyrD gene, overlaps a region previously found to
remain associated with SeqA for some time after its replication
(42). We suggest that SeqA either prevents full methylation of
these targets by Dam or is able to bind these targets even when they
are fully methylated. Note that we did not observe large changes in

FIG 7 Conservation of GATC motifs in SeqA binding targets. The figure shows a heat map describing the GATC motif contents of 123 bacterial genomes
containing a seqA homologue (rows) and a group of genes bound by SeqA in our ChIP-chip analysis (columns). Genes that have a higher frequency of GATC
motifs than the genome background are green, and genes with an average or less-than-average GATC motif content are yellow. The genomes are clustered into
evolutionary groups. Group 1A contains Enterobacteriaceae, such as E. coli and Shigella, and group 1B also contains Enterobacteriaceae, including Salmonella and
Klebsiella. Group 2B contains other gammaproteobacteria, such as Pasteurella multocida. A high-resolution version of this figure, complete with genome
accession numbers, is available in the supplemental material (Fig. S3).
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the expression of genes such as pyrD under conditions where SeqA
was or was not bound (data not shown). We speculate that SeqA
plays subtle roles at these targets that will be revealed only by
focused studies. For example, SeqA-dependent effects may rely on
the binding of other factors, such as transcriptional activators and
repressors, that occurs only under specific conditions. Since we
observed an overall negative correlation between the binding of
RNA polymerase and SeqA, we suggest that SeqA binding most
frequently hinders transcription (Fig. 6; see also Fig. S4 in the
supplemental material).

The evolution of SeqA binding targets in E. coli and closely
related pathogens is similar, but some more distantly related bac-
teria have a different set of SeqA targets (Fig. 7). This may be
representative of different lifestyles, or SeqA may play a different
role in those organisms. We note that recent studies of transcrip-
tional regulatory proteins also conclude that, despite being con-
served between organisms, regulators often control the transcrip-
tion of different sets of genes (43, 44). In summary, SeqA binds to
hundreds of targets distal to the replication origin, and by study-
ing each of these targets in detail, previously undefined roles for
SeqA in cell cycle regulation will be uncovered.

MATERIALS AND METHODS
E. coli strains and growth. Strain CMT940 of E. coli K-12 was used for all
experiments. CMT940 is a thermosensitive derivative of CM735 (45) into
which the dnaC2 allele (27) was introduced by P1 transduction from
strain PC2 (28). For all experiments, 50-ml cultures of E. coli CMT940
were grown in LB medium in a shaking water bath set at either 30°C (to
permit chromosome replication) or 42°C (to block chromosome replica-
tion).

Thymidine incorporation assays and flow cytometry. [3H]thymi-
dine incorporation was used to track rates of DNA synthesis in cultures.
Pulse labeling of cells with [3H]thymidine and subsequent measurement
of trichloroacetic acid (TCA)-insoluble radioactivity in culture samples
were done as described by Onogi et al. (46). DNA content per cell was
measured by flow cytometry using a Bryte HS (Bio-Rad) cytometer.

ChIP and DNA microarray analysis. ChIP assays were used to mea-
sure chromosome-wide DNA binding profiles of SeqA or RNA polymer-
ase in synchronized and unsynchronized cultures of E. coli CMT940 using
the protocols of Grainger and Busby (23). Assays were done in duplicate,
and values presented here are averages of the results of those experiments.
Briefly, cultures of E. coli CMT940 were treated with 1% formaldehyde
and broken open by sonication, which also fragments cross-linked nu-
cleoprotein. Cross-linked SeqA-DNA or RNA polymerase-DNA com-
plexes were immunoprecipitated from cleared lysates by using rabbit
polyclonal anti-SeqA antisera (kindly given by Felipe Molina and Kirsten
Skarstad) or anti-RNA polymerase sera (Neoclone, Madison, WI). Paral-
lel samples were isolated in mock precipitations with no antibody. Cross-
links were then reversed, and after purification, DNA samples isolated
with and without antibody were labeled with Cy5 and Cy3, respectively.
To identify segments of DNA specifically associated with SeqA, the two
labeled samples were combined and hybridized to a 43,450-feature DNA
microarray (Oxford Gene Technology, Oxford, United Kingdom). For
each probe, the Cy5/Cy3 ratio was measured, and this was plotted against
the corresponding position on the E. coli chromosome, creating a profile
of SeqA binding. Data presented here are the averages of results from
replicate experiments and have been normalized so that the average Cy5/
Cy3 ratio is 1. ChIP-chip data are presented using DNAPlotter (47) and
the Artemis genome browser (48). The full data sets can be accessed in the
supplementary tables, where they are in a format that can be viewed using
DNAPlotter/Artemis, both of which are freely available at http://www
.sanger.ac.uk/Software. Table S1 in the supplemental material is an anno-
tation of the E. coli genome, and Tables S2 to S4 are averaged data sets
from replicate SeqA ChIP-chip experiments. Users should first launch

either DNAPlotter or Artemis. Table S1 in the supplemental material
should then be opened before data in Table S2, S3, or S4 are added as a
graph. Raw array data are in Table S5 in the supplemental material.

DNA sequence analysis. To calculate the frequency of GATC motifs
in E. coli, the genome sequence was divided into 60-bp windows. The
number of GATC sequences in each window was plotted against the ap-
propriate position on the genome and transferred to an Artemis-
compatible file that is shown in Table S6 in the supplemental material.

To calculate the frequencies at which GATC motifs occur in potential
SeqA binding targets in other organisms, we first identified all publically
available complete bacterial genomes or whole-genome shotgun (WGS)
sequences that contained a homologue of SeqA using BLASTp with an E
value of �10�7. For each of the 221 identified genomes, the average
GATC frequency per 1,000 bp was calculated as the total number of GATC
motifs divided by genome size (kilobase pairs). Homologues of the SeqA
targets pyrD, dmsA, rlmL, uup, murK, smtA, ybiW, etk, potI, potH, ygiQ,
and nfrA were identified in each genome using BLASTp, with an E value of
�10�5. If multiple genes were detected in each genome, only the highest
BLAST hit was taken. If a homologous gene was detected, the number of
GATC motifs per 1,000 bp was calculated for that gene. Homologues of all
12 potential SeqA binding loci were not found in every genome, specifi-
cally in incomplete WGS sequences; therefore, 98 WGS sequences under
500 kbp in length were excluded from further analysis. The difference
between the average GATC frequency of each genome and the GATC
frequency of specific genes was calculated and plotted in a heat map using
the statistical package R (49). If a potential SeqA target gene was absent
from a genome, then differences in GATC frequency could not be deter-
mined and therefore were plotted as zero.
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