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Initiating chromosome replication
in E. coli: it makes sense to recycle
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Initiating new rounds of Escherichia coli chromosome
replication requires DnaA-ATP to unwind the replication
origin, oriC, and load DNA helicase. In this issue of
Genes & Development, Fujimitsu and colleagues (pp.
1221–1233) demonstrate that two chromosomal sites,
termed DARS (DnaA-reactivating sequences), recycle
inactive DnaA-ADP into DnaA-ATP. Fujimitsu and col-
leagues propose these sites are necessary to attain the
DnaA-ATP threshold during normal growth and are im-
portant regulators of initiation timing in bacteria.

All cells must coordinate the timing of chromosome
duplication with cell division during the cell cycle, to
ensure that each daughter cell receives equivalent geno-
mic material. An early step toward accomplishing this
task requires assembly of initiator protein complexes that
prepare replication origins to begin new rounds of DNA
replication (Bell 2002; Leonard and Grimwade 2005; Mott
and Berger 2007). Each origin is initially marked by
a multisubunit origin recognition complex (ORC) that
recruits additional initiator proteins and transitions into
a prereplication complex (pre-RC) responsible for loading
the replicative helicase (Stillman 2005; Nievera et al.
2006). It is now clear that initiator proteins from all
domains of life share structural and functional similari-
ties, including membership in the AAA+ family of proteins
whose activity is regulated by binding and hydrolysis of
ATP (Erzberger et al. 2002). By switching between ATP-
and ADP-bound states, active initiators can be readily
inactivated, ensuring their use only once per cell cycle at
each origin copy. Despite this convenient mode of regu-
lation, questions remain about the cell’s ability to balance
the regulatory switches that trigger inactivation of AAA+

initiators with those that produce new initiators for the
subsequent cell cycle.

Escherichia coli initiator DnaA: building a bacterial
ORC and pre-RC

Questions about cycling initiator activity are particularly
relevant to DNA replication control in rapidly growing
bacteria, since these cells contain multiple origins that
must fire synchronously only once per cell division cycle
(Skarstad et al. 1986; Boye et al. 2000). Studies of the E.
coli AAA+ initiator, DnaA protein, provide insights into
the various cellular mechanisms that ensure that the
initiator is active and available at the time of initiation
and is then prevented from triggering another round of
replication until the next cell cycle. DnaA has a high
affinity for adenine nucleotides ADP and ATP, but is
active only when bound to ATP (Sekimizu et al. 1987).
DnaA-ATP assembles into an ordered multimeric pre-RC
that unwinds the unique chromosomal origin of replica-
tion, oriC (Leonard and Grimwade 2005), and assists in
loading replicative DNA helicase (DnaB) on the newly
exposed single strands (Fang et al. 1999). Throughout
most of E. coli’s cell division cycle, DnaA occupies only
three high-affinity 9-mer recognition sites (termed R
boxes 1, 2, and 4) (Samitt et al. 1989; Cassler et al.
1995), which bind equivalently to active DnaA-ATP and
inactive DnaA-ADP (Sekimizu et al. 1987; McGarry et al.
2004). These DNA–protein complexes form a eubacterial
version of ORC (Fig. 1, stage 1; Nievera et al. 2006). The
transition to a pre-RC requires recruitment of DnaA-ATP
to low-affinity 9-mer recognition sites (I sites, t sites,
R5M, and R3) within inter-ORC DNA (Fig. 1, stage 2;
Kawakami et al. 2005; Leonard and Grimwade 2005). I
and t sites have a strong preference for DnaA-ATP
compared with DnaA-ADP (McGarry et al. 2004; Kawa-
kami et al. 2005), and precisely couple pre-RC assembly
with the availability of an active initiator. The behavior
of R5M suggests that it is occupied by DnaA-ADP during
pre-RC assembly (Grimwade et al. 2007). The conversion
from the ORC to a pre-RC in E. coli is also modulated by
two DNA-bending proteins, Fis and IHF (Fig. 1), that,
respectively, repress and promote DnaA-ATP interactions
with low-affinity recognition sites (Leonard and Grim-
wade 2005). As many as 20 molecules of DnaA-ATP may
be required during the ORC-to-pre-RC transition (Crooke
et al. 1993), and the number of DnaA molecules required
at oriC appears to remain constant at all growth rates
(Donachie and Blakely 2003). Recent structural analysis
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of DnaA reveals that ATP-bound monomers have the
ability to form right-handed helical oligomeric filaments,
presenting an attractive mechanism to promote ordered
pre-RC assembly by extension of filaments as well as to
position DNA helicase at the end of an oligomeric
structure of fixed length (Erzberger et al. 2006; Mott
et al. 2008).

Inactivation of DnaA is coupled to movement
of the replication fork

Intracellular DnaA levels are high (~1000 copies per cell)
and the protein is stable (Sekimizu et al. 1988; Hansen
et al. 1991). Despite these features, DnaA fluctuates
between active and inactive forms during the cell cycle,
with DnaA-ATP rising to 80% of the total prior to
initiation of new rounds of DNA synthesis and dropping
to 20% after new rounds are initiated (Kurokawa et al.
1999). Self-hydrolysis of DnaA-ATP is normally too slow
to be an effective regulator of initiator activity, but
interaction with the moving replication fork stimulates
hydrolysis of DNA-associated DnaA-ATP by a mecha-
nism termed RIDA (regulatory inactivation of DnaA)
(Katayama and Sekimizu 1999). RIDA is catalyzed by
a protein factor, Hda, a DnaA paralog associated with the
b-clamp subunit of DNA polymerase III (Kato and
Katayama 2001). Although the details of the stimulatory
mechanism are not yet clear, RIDA appears to be the
dominant means used by E. coli to inactivate DnaA-ATP
bound to oriC as well as to ~300 other chromosomal sites,
including titration sites (Hansen et al. 1991; Kitagawa
et al. 1996) and binding sites within transcriptional
promoters (Messer and Weigel 1997). One particular
region of the chromosome, termed datA, has an un-
usually high capacity for DnaA (>50 molecules) (Kitagawa
et al. 1996). It is possible that the heavy occupation of this
or similar sites would result in a mass inactivation of
DnaA-ATP at a fixed time after each initiation of new

DNA synthesis, when the replication fork moved through
the titration site. However, any significant increases in
the rate of RIDA during the cell cycle have yet to be
revealed.

In order for RIDA to be effective, synthesis of new
DnaA (rapidly converted to DnaA-ATP) must also be
repressed during the post-initiation phase of the cell
cycle. E. coli uses another replication fork-dependent
mechanism, termed sequestration, to accomplish this
task (Campbell and Kleckner 1990). E. coli chromosomes
carry many copies of the palindrome GATC target for
DNA adenine methyltransferase (DAM methylase).
Semiconservative replication converts fully methylated
GATC to the hemimethylated state, which is recognized
by the sequestration protein SeqA (Lu et al. 1994). Both
the dnaA promoter region and low-affinity DnaA recog-
nition sites in oriC contain an unusually high number of
GATC copies, and remethylation of SeqA-bound dnaAp
and oriC is delayed for about one-third of the cell cycle
(Campbell and Kleckner 1990). During this period, SeqA
blocks dnaA transcription (Campbell and Kleckner 1990)
as well as DnaA-ATP rebinding to the low-affinity sites in
oriC (Fig. 1, stage 3; Nievera et al. 2006). GATC is not
found at R1, R2, and R4 in oriC, allowing immediate reset
of ORC during the sequestration period (Fig. 1, stage 3;
Nievera et al. 2006). Following remethylation, synthesis
of DnaA-ATP resumes and oriC once again becomes
accessible for pre-RC assembly (Campbell and Kleckner
1990). Hemimethylated oriC DNA also interacts with E.
coli membranes, and these interactions may be important
for some aspect of oriC function during the sequestration
period (Ogden et al. 1988).

Keeping up: does E. coli synthesize enough DnaA-ATP?

Although RIDA and sequestration ensure that DnaA-
ADP levels increase during the post-initiation phase of
the cell cycle, new synthesis of DnaA-ATP must ultimately

Figure 1. Nucleoprotein complex assem-
bly at oriC during the cell cycle. (Stage 1)
DnaA occupies the three higher-affinity R
boxes—R1, R2, and R4—throughout the
cell cycle, with Fis bound to its cognate
site. This complex forms the bacterial ver-
sion of the ORC. (Stage 2) As additional
DnaA-ATP accumulates in the cell, either
by new synthesis or by recycling of DnaA-
ADP, lower-affinity sites t1, t2, I1, I2, I3,
with preference for DnaA-ATP, become
occupied, as well as nondiscriminatory
sites R5M and R3. Fis is displaced, and
IHF binds between R1 and R5M. This
results in formation of the pre-RC, with
localized DNA strand separation in the
duplex unwinding region (DUE). (Stage 3)
After new replication forks duplicate oriC,
the resulting hemimethylated DNA binds
SeqA, allowing resetting of the ORC, but preventing reformation of the pre-RC (sequestration). Sequestration lasts for one third of the
cell cycle, and the origin returns to the ORC. Red spheres are DnaA-ATP, red-blue spheres are either nucleotide form of DnaA, purple
hexagons are SeqA, and red and green triangles are Fis and IHF, respectively.
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outpace the rate of inactivation in order to rebuild pre-
RC during subsequent cycles. New DnaA-ATP synthesis
is required for each new round (protein synthesis inhib-
itors effectively block DNA replication at the initiation
step) (Helmstetter 1996), but the data presented by
Fujimitsu et al. (2009) in this issue of Genes & Develop-
ment suggest that new synthesis might not be sufficient
to produce enough DnaA-ATP under all growth condi-
tions. Outpacing RIDA may be particularly problematic
during rapid growth in E. coli when ongoing chromo-
somal DNA replication overlaps the initiation of new
rounds (Fig. 2B). E. coli normally requires ~40 min to
duplicate its genome (and an additional 20 min to prepare
for cell division) (Helmstetter 1996). For this reason, cells
growing with doubling times faster than 40 min must
initiate new rounds of DNA synthesis prior to the
completion of previous rounds (Fig. 2B), leading to an
increased copy number of oriC. The multiple copies of
oriC are initiated synchronously (Skarstad et al. 1986),
even though RIDA, associated with the previous round, is
ongoing at the time of initiation. Although increased oriC
copy number is accompanied by a comparable increase of
nearby dnaA copies, RIDA might still overwhelm new
synthesis. The dnaA promoter is moderately strong, but
the translation efficiency of DnaA mRNA is very low
(only about one to four molecules per transcript) (Hansen

et al. 1991; Macian et al. 1994; Kaguni 2006). In addition,
ongoing replication causes an increase in the number of
DnaA titration sites on the chromosome, and these sites
have a higher affinity for DnaA than the low-affinity sites
in oriC (Kitagawa et al. 1998).

DnaA-reactivating sequence (DARS): a novel
mechanism to recycle DnaA-ADP

One possible mechanism to provide additional DnaA-
ATP beyond the synthetic capabilities of the cell is the
recycling of inactive DnaA-ADP produced during the
previous cell cycle by RIDA. Reactivation of DnaA-ADP
requires nucleotide exchange in the presence of ATP.
Although acidic phospholipids in fluid bilayers were
shown previously to be capable of catalyzing this ex-
change in vitro (Crooke 2001; see below), it remains to be
determined whether significant amounts of membrane-
dependent DnaA-ADP recharging takes place in vivo. In
this issue of Genes & Development, Fujimitsu et al.
(2009) provide strong evidence that E. coli requires
recycling mechanisms that reactivate DnaA-ADP in
order to properly time the initiation of DNA synthesis.
Remarkably, the major components of this recycling
mechanism are two sets of nucleotide sequence motifs
located on the chromosome.

Figure 2. Duplication of the DARS sites
relative to time of unsequestered DnaA-
ATP synthesis and time of initiation varies
as a function of growth rate. (A) At slow
growth rates, only one origin is initiated
before the DARS sites are duplicated. (B) In
rapidly growing cells, pre-RCs form at mul-
tiple copies of oriC, but there is less time for
synthesis of new DnaA-ATP. The DARS
sites in these cells are replicated just prior
to formation of the pre-RC, and may con-
tribute to the DnaA-ATP needed for this
step. Blue circles represent DnaA-ATP or
DnaA-ADP bound to high-affinity oriC
sites, red circles represent DnaA-ATP bound
to oriC in the pre-RC, the open circle
indicates localized oriC DNA strand sepa-
ration, and the purple bar indicates a seques-
tered oriC.
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The current report provides an extensive follow-up of
an observation made by the Katayama laboratory (Fuji-
mitsu and Katayama 2004) that a 70-base-pair (bp) frag-
ment containing three DnaA box-like sequences obtained
from ColE1-derived plasmids was capable of catalyzing
DnaA-ADP nucleotide exchange in vitro. Although the
presence of these plasmid sequences had little affect on E.
coli growth in vivo, a search for similar sequence motifs
on the chromosome successfully led to the identification
of two DnaA-reactivating sequences termed DARS1 and
DARS2. DARS1 is located within intergenic regions
between bioD-uvrB (17.49 min), and DARS2 is located
between ygpD and mutH (63.96 min). Both DARS1 and
DARS2 catalyze nucleotide exchange and reactivation of
DnaA-ADP to DnaA-ATP in vitro, and the initiation of
chromosome replication was pushed to earlier times
during the cell cycle by raising the copy number of these
sites in vivo. Ongoing protein synthesis is not required for
DARS activity, but DARS2 is stimulated by a cell extract,
suggesting it is regulated by a protein factor. DARS
deletion strains remain viable, but loss of DARS activity
enhances the thermosensitivity of underinitiating dnaAts
strains. DARS deletion also rescues mutant strains whose
growth is severely perturbed by overinitiation due to the
loss of RIDA (hda deletion strains). These results support
a significant contribution for DARS in the normal regu-
lation of the levels of intracellular DnaA-ATP, reducing
the need for new synthesis.

The arrangement of DnaA recognition sites within
DARS appears to be important for nucleotide exchange,
suggesting that specific oligomeric assemblies are in-
volved in DARS activity. At least three DnaA recognition
sites are mapped within DARS regions, but an unusual
arrangement of two closely spaced recognition sites in
opposite orientations to one another is an important
conserved feature. It may be that by arranging available
DnaA-ADP in specific configurations, DARS can alter
a particular structural feature of DnaA that is required for
high-affinity nucleotide binding. In support of this idea,
Fujumitsu et al. (2009) report that both Domain III
(containing Walker and Sensor motifs) and Domain IV
(containing the DNA-binding domain) are required for
DARS activity.

Membrane-dependent DnaA activity

As mentioned previously, DARS is not the sole mecha-
nism for recycling DnaA-ADP into the active form in E.
coli. Acidic phospholipids in a fluid bilayer are also
capable of performing the nucleotide exchange reaction
(Crooke 2001; Boeneman and Crooke 2005); in the
presence of oriC DNA, DnaA-ADP can be rejuvenated
to the ATP-bound form (Crooke et al. 1992). Although the
contribution of membranes to DnaA recharging in vivo
remains unclear, there can be little doubt that mem-
branes are an important part of the DnaA life cycle. In the
absence of ongoing acidic phospholipid biosynthesis, cells
ultimately suffer growth arrest due to the inability to
initiate new rounds of DNA synthesis (Xia and Dowhan
1995). This arrest is suppressed by expression of versions

of DnaA (for example, DnaA L366K) harboring mutations
within the membrane interaction domain located be-
tween Domains III and IV (Zheng et al. 2001).

Based on our current knowledge, it appears that there
are two mechanisms for recycling DnaA-ADP in E. coli
cells: One is located in the membrane and is mediated by
acidic phospholipids, and the other is located on the
chromosome. Why should there be this redundancy?
The key to answering this question may depend on the
location of the DnaA-ADP that interacts with the sepa-
rate mechanisms. One possibility is that DARS provides
a general recharging mechanism for free DnaA-ADP in
the cytoplasm, while membranes provide a specific
recharging mechanism for DnaA–DNA complexes that
interact with the membrane, thus recharging these com-
plexes in situ. Such complexes might include newly
replicated oriC whose high-affinity ORC sites have be-
come occupied by DnaA-ADP. Since it is hard to imagine
how oriC might prohibit binding by DnaA-ADP at these
sites, reactivating it to DnaA-ATP by membranes during
sequestration might be required to build the next round of
pre-RC.

Questions to ponder about DnaA recycling

The novel DARS mechanism described by Fujimitsu et al.
(2009) in this issue of Genes & Development forces
a new look at the dogma that the rate of accumulation
of newly synthesized DnaA-ATP alone determines the
timing of chromosome duplication during the E. coli
cell cycle. The contribution of DARS will obviously
lower the amount of new DNA synthesis that is required,
making initiation earlier in the cell cycle. However the
existence of only two regions carrying DARS on the
E. coli chromosome leads to the interesting speculation
that their location may also be important for cell cycle
regulation. Each replicore contains one site, located at
a similar distance from oriC. This placement may be a
feature related to the progression of replication forks
during the cell cycle. It will be interesting to see if it
matters where DARS are located on the genome.

If DARS duplication plays a role in determining the
time of initiation, then its function may be more critical
at certain growth rates (Fig. 2). Although the time re-
quired to replicate the genome remains constant over
a range of growth rates, the time of initiation, the number
of origins, and the configurations of replication forks
during the cell cycle vary at different doubling times
(Fig. 2; Helmstetter 1996). This means that the time of
DARS duplication, relative to the duration of dnaAp
sequestration, the end of RIDA, and the time of initiation,
will also vary at different growth rates. During slow
growth, chromosome replication and RIDA are com-
pleted before cell division, and cells have a G1-like period
before the next initiation of DNA synthesis at a single
copy of oriC (Fig. 2A). Under these conditions, new
synthesis may contribute more of the DnaA-ATP needed
for initiation than during rapid growth. In fast-growing
cells, RIDA is continuous, pre-RCs must be formed
at multiple oriC copies, and there is less time for new
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DnaA-ATP synthesis (Fig. 2B). In this case, duplication
of DARS sites before initiation might play a greater role
in supplying the required level of DnaA-ATP. Additional
factors may also fine-tune the regulation of DARS to
accommodate all growth rates.

On a related theme, questions are raised about the
contribution of RIDA to DARS activity. Although it is
expected that RIDA would be the sole source of inactive
DnaA-ADP for recycling by DARS, this may not be the
case. For example, in Figure 5B of Fujimitsu et al. (2009),
the investigators show that a DoriC strain lacking Hda,
DARS1, and DARS2 contained nearly 70% DnaA-ADP.
(In this strain, chromosome replication was controlled by
a plasmid, since the hda deletion would result in lethal
overinitiation in the wild-type background.) Since RIDA
should not take place in these cells, where did the DnaA-
ADP come from? The data suggest that there may be an
additional, but unidentified, source for DnaA-ADP.

Finally, important and fundamental questions remain
about how the arrangement of DnaA-binding sites in
a DNA region affects assembly of oligomeric DnaA com-
plexes with specific functions. Fujimitsu et al. (2009)
provide evidence that relative positions and orientations
of DnaA may be sufficient to promote assembly of an
oligomeric complex that disrupts nucleotide binding.
Different configurations of binding sites might assemble
complexes that lead to different outcomes, including pre-
RC assembly or DnaA titration. Perhaps rules for these
dynamic spatial relationships will be one of the products
from future studies of DARS.

No matter what the future holds, this study reveals
that even though multiple laboratories have spent the last
40 years dissecting the mechanisms that regulate the
initiation of DNA replication, there are still a few sur-
prises. Although the passage of time will no doubt reveal
an increasingly complex set of features, those who work
on this fascinating topic are eager to welcome a recharging
from time to time.
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