Specitic genomic sequences of E. coli
gromote replicational initiation
y directly reactivating ADP-DnaA
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In Escherichia coli, ATP-DnaA, unlike ADP-DnaA, can initiate chromosomal replication at oriC. The level of
cellular ATP-DnaA fluctuates, peaking at around the time of replication initiation. However, it remains unknown
how the ATP-DnaA level increases coordinately with the replication cycle. In this study, we show that two
chromosomal intergenic regions, herein termed DnaA-reactivating sequence 1 (DARS1) and DnaA-reactivating
sequence 2 (DARS2), directly promote regeneration of ATP-DnaA from ADP-DnaA by nucleotide exchange,
resulting in the promotion of replication initiation in vitro and in vivo. Coordination of initiation with the cell
cycle requires DARS activity and its regulation. Oversupply of DARSs results in increase in the ATP-DnaA level
and enhancement of replication initiation, which can inhibit cell growth in an oriC-dependent manner. Deletion

of DARSs results in decrease in the ATP-DnaA level and inhibition of replication initiation, which can cause
synthetic lethality with a temperature-sensitive mutant dnaA and suppression of overinitiation by the lack of
seqA or datA, negative regulators for initiation. DARSs bear a cluster of DnaA-binding sites. DnaA molecules
form specific homomultimers on DARS1, which causes specific interactions among the protomers, reducing their
affinity for ADP. Our findings reveal a novel regulatory pathway that promotes the initiation of chromosomal

replication via DnaA reactivation.
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In prokaryotes and eukaryotes, chromosomal replication
is initiated by specific proteins at a specific time during
the cell cycle. In Escherichia coli, the occurrence of
replicational initiation is strictly coupled with the
growth rate of a cell (Cooper and Helmstetter 1968).
During a cell cycle, the time taken from replicational
initiation to cell division is principally constant at a
certain temperature in various growth rates. Thus, the
time of replicational initiation is the crucial determinant
for the overall control of cell cycle. However, mecha-
nisms to regulate occurrence of replicational initiation in
a cell cycle-coordinated manner remain unclear. To
address this issue, mechanisms to activate the initiator
DnaA protein during the cell cycle have to be revealed.
The DnaA protein, the initiator of E. coli chromosomal
replication, is a member of the AAA* ATPase family and
has an exceptionally high affinity (Kd of 10-100 nM) for
ATP/ADP (Sekimizu et al. 1987; Neuwald et al. 1999;
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Messer 2002; Kaguni 2006; Kawakami et al. 2006). The
minimal origin (oriC) region contains several 9-mer
DnaA-binding sites (DnaA boxes). ATP-DnaA forms a spe-
cific multimeric complex on oriC in a cooperative man-
ner (McGarry et al. 2004; Keyamura et al. 2007). In the
resultant complexes, an ATP-dependent interaction be-
tween specific DnaA AAA* domains occurs, resulting in
local duplex unwinding within oriC (Kawakami et al.
2005; Erzberger et al. 2006; Ozaki et al. 2008). DnaB
helicase is loaded onto the single strands generated,
which promotes loading of DnaG primase and DNA
polymerase (pol) III holoenzyme. ADP-DnaA also forms
a homomultimer on oriC, but it cannot unwind the DNA
duplex. Thus, generation of ATP-DnaA is prerequisite for
replicational initiation and its regulation.

The level of cellular ATP-DnaA oscillates during the
replication cycle, peaking at around the time of initiation
(Kurokawa et al. 1999). At the post-initiation stage,
DnaA-ATP is hydrolyzed in a DNA-loaded B sliding
clamp-dependent and ADP-Hda protein-dependent man-
ner, yielding inactive ADP-DnaA (Katayama et al. 1998;
Kato and Katayama 2001; Su’etsugu et al. 2005, 2008).
The B clamp is a subunit of the pol Il holoenzyme, which
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is loaded onto DNA during DNA replication and remains
attached to DNA after the creation of Okazaki fragments.
This DnaA-inactivation system (RIDA, regulatory inac-
tivation of DnaA) decreases the level of cellular ATP-
DnaA in a replication-coordinated manner (Katayama
et al. 1998; Kurokawa et al. 1999; Kato and Katayama
2001).

RIDA-defective cells have significantly elevated levels
of ATP-DnaA and overinitiate chromosomal replication
(Kato and Katayama 2001; Nishida et al. 2002; Fujimitsu
et al. 2008). Thus, the control of DnaA-bound nucleotides
is crucial for the regulation of the chromosomal replica-
tion cycle. RIDA functions independently of the temporal
inactivation of oriC by SeqA and the reduction of oriC-
accessible DnaA molecules by DnaA titration on the
datA locus (Kurokawa et al. 1999; Katayama et al. 2001).

Little is known about the mechanism that elevates
ATP-DnaA levels in a cell cycle-coordinated manner. We
speculate that regeneration of ATP-DnaA from ADP-
DnaA could efficiently provide ATP-DnaA to cells in
the preinitiation stage. We reported previously that ADP-
DnaA can indeed be converted to ATP-DnaA in vivo
(Kurokawa et al. 1999). A conceivable mechanism of
DnaA reactivation is nucleotide exchange. Given that
cells contain ~3 mM ATP, ~10-fold that of ADP (Bochner
and Ames 1982}, release of ADP from ADP-DnaA could
be directly followed by ATP binding, which would reac-
tivate DnaA.

Acidic phospholipids, such as phosphatidylglycerol and
cardiolipin, were reported previously to reactivate ADP-
DnaA in vitro by nucleotide exchange in the presence of
ATP and oriC (Sekimizu and Kornberg 1988; Crooke et al.
1992). Restricted expression of the pgsA gene, which
encodes phosphatidylglycerophosphate synthetase, re-
duces the cellular levels of those acidic phospholipids
and inhibits cell growth (Heacock and Dowhan 1989; Xia
and Dowhan 1995). Although growth of these cells is
rescued by a dnaA-independent chromosomal replication
system, there is no direct evidence that acidic phospho-
lipids promote regeneration of ATP-DnaA from ADP-
DnaA, especially in vivo.

While searching for a novel DnaA-reactivating factor,
we found previously that a specific DNA sequence can
catalytically promote the release of ADP from ADP-
DnaA, followed by ATP binding and reactivation of
replication initiation in vitro (Fujimitsu and Katayama
2004). This specific sequence (termed DARS, for DnaA-
reactivating sequence) lies in the ColE1 plasmid replication
origin and contains three DnaA boxes. The arrangement
of these DnaA boxes, two of which are oppositely ori-
ented, is crucial for DnaA reactivation. However, it re-
mains unknown whether a specific DNA sequence
reactivates ADP-DnaA and controls replicational initia-
tion in vivo, as the DARS of ColElori does not reactivate
ADP-DnaA in vivo.

In this study, we demonstrate that the E. coli genome
contains two intergenic regions, herein called DARS1 and
DARS?2, capable of reactivating ADP-DnaA in vitro and in
vivo. These regions share a DnaA box cluster similar to
the previously identified DARS (Fujimitsu and Katayama
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2004). ADP-DnaA complexes are dissociated by these
DARSs in vitro, and initiation-competent ATP-DnaA
is generated in the presence of ATP. RIDA-inactivated
DnaA is also reactivated by DARSs in vitro. The activity
of DARS2 is stimulated by a heat-liable soluble factor
extracted from E. coli cells. We further demonstrate that
DARSI1 and DARS2 can enhance the level of cellular
ATP-DnaA and the initiation of chromosomal replication
in vivo. Our analyses suggest that specific DnaA homo-
multimers form on DARS], and that specific interactions
occur between their AAA* domains, thereby reducing
their affinity for ADP. Our findings reveal a novel mech-
anism that is required to activate the initiator of replica-
tion in a manner coordinated with the cell cycle.

Results

Intergenic regions upstream of uvrB and mutH
can dissociate ADP-DnaA complexes in vitro

To identify genomic sites capable of promoting ADP-
DnaA dissociation, we searched for sequences carrying
two DnaA boxes (with the typical 9-mer TTATNCACA
sequence or with only one mismatch) that are closely
located and oppositely orientated. We identified 51 sites
that met these criteria and amplified these sequences by
PCR (Supplemental Table 1) or by cloning in plasmid
pACYC177, which has a moderate copy number (~10
copies per cell. The ADP-releasing activities of the
resultant DNA fragments were assessed by incubating
them with [*’HJADP-DnaA for 15 min at 30°C and con-
ducting a filter-binding assay.

Two of the isolated DNA segments (FK7-4 and pOA54
in Figs. 1A and 2A-C, respectively) exhibited ADP-
releasing activity. The FK7-4 and pOA54 sequences are
located in intergenic regions between bioD and uvrB and
between ygpD and mutH, respectively. Notably, each of
these two regions contains three similarly arranged DnaA
boxes.

DARS1 reactivates ADP-DnaA by nucleotide exchange
in vitro

Deletion analysis of FK7-4 identified the 101-base-pair
(bp) minimal region bearing the DnaA box cluster re-
quired for ADP-releasing activity (FK7-7 in Fig. 1A). Based
on this and further analyses (see below), we termed this
region DARS1. Each DnaA box within DARS]1 as well as
the DnaA box cluster was required for ADP-releasing
activity (cf. FK7-7 and FK7-21, FK7-8, FK7-9, FK7-13 in
Fig. 1A-C). In addition to these DnaA boxes, a flanking
region (42 bp spanning from base number 198 to 239) was
required for full ADP-releasing activity (FK7-22 in Fig.
1A). These results suggest that the DnaA box cluster is
the functionally crucial core element and that the flank-
ing region is a stimulatory element.

FK7-7 promoted dissociation of ADP-DnaA at 30°C but
not at 0°C (Fig. 1C). The defect at 0°C would not result
from the lack of DnaA binding, as DnaA binds to FK7-7 at
0°C (see below). Basically, DnaA binds to DnaA boxes
even at 0°C (Obita et al. 2002).
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When ADP-DnaA was incubated at 30°C in the pres-
ence of FK7-7 and 1.5 uM ATP, ATP-DnaA was formed by
nucleotide exchange (Fig. 1D). The resultant ATP-DnaA
was fully active in minichromosomal replication in vitro
(Fig. 1E).

DARS?2 reactivation of ADP-DnaA and a role
for a stimulating factor in vitro

pOA54 exhibited a moderate level of ADP-DnaA-releasing
activity, even when present at excessive amounts (Fig. 2B).
Under the same conditions, FK7-7 exhibited a full activity
(data not shown). Longer incubation at 30°C increased
pOA54-dependent ADP releasing (Fig. 2C). We further
found that a crude protein fraction extracted from wild-
type cells stimulated the DnaA-ADP-dissociating activity
of pOA54 (Fig. 2D,E).

Next, we performed deletion analyses of pOA54 in the
presence of the stimulatory fraction and determined
the minimal region needed for ADP-releasing activity
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a minichromosome replication system. (H)
minichromosome was not included; (¢) DNA
synthesis by 1 pmol of ATP-DnaA.

(pOA61 in Fig. 2A,F). We thus named the chromosome-
derived region of pOA61 DARS2. Since pOA63 showed
only moderate activity compared with pOA54, the deleted
region at the right end of pOAG3 is likely a stimulatory
element (Fig. 2A). Activity of pOA64 was only slightly less
than that of pOAG63, suggesting that the DnaA box that
completely matches the 9-mer consensus (rightmost box
in Fig. 2A)is not crucial in this reaction. DnaA boxes I and
I within DARS2 as well as the DnaA box cluster were
crucial for the ADP-releasing activity (pOA62, pOAT7I,
pOAS81, and pOAS82 in Fig. 2A). DnaA box IlI was required
for full ADP-releasing activity (pOAS83 in Fig. 2A). Full
reactivation of DnaA for replication initiation was also
seen in vitro in a DARS2-dependent manner (Fig. 2G).
Like DARSI1 (Fig. 1B-E), DARS2 required incubation at
30°C for the ADP releasing (Fig. 2C-F), although DnaA
binds DARS2 at 0°C (data not shown).

The ADP-releasing activity of DARS1 was not stimu-
lated by the same crude extract as above (data not shown),
suggesting the presence of a DARS2-specific regulatory
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factor. The activity of the crude extract was heat-liable
(Supplemental Fig. 1) and RNaseA-resistant (data not
shown).

DARS1 can reactivate ADP-DnaA resulting from RIDA
in vitro

ADP-DnaA resulting from RIDA must be reactivated
prior to the next round of replication initiation in vivo.
We thus investigated if DARSI could reactivate DnaA
that was inactivated by RIDA in vitro.

In the first stage, [a->*P]JATP-DnaA was converted into
[a-3*P]JADP-DnaA using a staged reconstituted RIDA
system. DnaA-ATP hydrolysis depended on Hda and the
DNA-loaded clamp (Fig. 3A), consistent with a previous
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observation (Su’etsugu et al. 2005, 2008). In the second
stage, the resultant [a->>PJADP-DnaA was further incu-
bated with DARS1 (FK7-7) or the DARS1-ADnaA box
mutant (FK7-21). DnaA-bound nucleotides were effi-
ciently released in a manner dependent on FK7-7 but
not FK7-21 (Fig. 3B), consistent with the data presented in
Figure 1A. These results indicate that DARS1 promotes
the release of DnaA-bound ADP that was yielded by
RIDA.

We further assessed the replication initiation activity
of DnaA after each stage in the above experiments. In the
first stage, the level of ATP-DnaA activity was reduced to
that of ADP-DnaA in a RIDA-dependent manner (Fig.
3C). Notably, in the second stage, the inactivated DnaA
was fully reactivated by DARS1 (FK7-7) (Fig. 3C),
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Figure 3. DARSI can reactivate ADP-DnaA resulting from
RIDA in vitro. (A) DnaA-ATP hydrolysis by RIDA. [a-3?P|ATP-
DnaA (1 pmol) was incubated for 20 min at 30°C with the
indicated amounts of Hda in the presence (+DNA-clamp) or
absence (—DNA-clamp) of the DNA-loaded B sliding clamp (20
fmol of clamp). Nucleotides bound to DnaA were recovered and
analyzed as described in the Materials and Methods. (B) Release
of DnaA-bound ADP that was produced by RIDA. The RIDA
reaction was first performed using [a->2P]ATP-DnaA (1 pmol),
Hda (10 ng), and DNA-loaded B clamp (20 fmol of clamp) under
the same conditions as in A. Products were further incubated for
15 min at 30°C with the indicated amounts of FK7-7 or FK7-21,
followed by determination of DnaA-bound nucleotides. ADP-
DnaA constituted 96% of ATP-DnaA/ADP-DnaA after the
RIDA reaction. (C) DARSI-driven reactivation of RIDA-
produced ADP-DnaA. In the first stage, ATP-DnaA or ADP-
DnaA (0.4 pmol) was incubated for 20 min at 0°C or 30°C with
Hda (4 ng) in the presence (+) or absence (—) of the DNA-loaded
clamp (8 fmol). In the second stage, the samples that had been
incubated at 30°C with (red) or without (blue) the DNA-clamp
complexes in the first stage were further incubated for 15 min at
30°C with the indicated amounts of FK7-7 or FK7-21. After the
first or second stage, replication activity of DnaA was assessed
in a minichromosomal replication system as described in Figure
1E. Incorporation of nucleotides was 6 pmol or 5 pmol in the
absence of DnaA or minichromosome, respectively (data not
shown).

indicating that DARSI can reactivate ADP-DnaA yielded
by RIDA. Similar results were obtained using DARS2
(Supplemental Fig. 2). Coordinated regulation of RIDA
and DARS activities could cause the level of ATP-DnaA
to oscillate during the cell cycle.

DARS1 or DARS2 multicopies increase the level
of ATP-DnaA independently of de novo protein synthesis

To assess in vivo function, we tested whether an increase
in the copy number of DARS1 or DARS2 would stimulate
the regeneration of ATP-DnaA from ADP-DnaA in vivo.
Previously, we observed the ADP-to-ATP regeneration of

DnaA-reactivating sequences

DnaA in vivo under conditions in which RIDA and de
novo DnaA synthesis were inhibited (Kurokawa et al.
1999). To inhibit DnaA-ATP hydrolysis by RIDA, we used
dnaN59, a temperature-sensitive mutant defective in
B clamp that is unable to grow at 42°C. We inhibited
de novo synthesis of DnaA using chloramphenicol, as
newly translated DnaA molecules would predominantly
bind to ATP. Cells were grown in a medium containing
ortho-[>*P], nucleotide-bound DnaA was isolated, and
the bound nucleotides were analyzed using thin-layer
chromatography.

In dnaN59 cells bearing pOA21 (pACYC177-DARSI),
the ATP-DnaA level increased at 42°C in the presence of
chloramphenicol (Fig. 4A). Similar results were obtained
for the cells bearing pOA61 (pACYC177-DARS2) (Fig. 4B).
These results indicate that DARS1 and DARS2 can stim-
ulate the regeneration of ATP-DnaA from ADP-DnaA in
vivo.

DARS1 or DARS2 multicopies promote
replication initiation

To assess whether multicopies of DARS1 and DARS2
promote replication initiation in vivo, we analyzed cells
bearing pOA21 (DARS1) or pOA61 (DARS2) using
flow cytometry. In rapidly growing E. coli cells, replica-
tion of the chromosome is initiated before completion of
the previous round of replication, resulting in a single
cell containing a set of two or four origins, or of four
or eight origins (Skarstad et al. 1995). The number of
origins per unit cell mass can be used as a parameter of
the ability to initiate replication (Skarstad et al. 1989).
To determine the number of origins in a cell, exponen-
tially growing cells were incubated in the presence of
rifampicin and cephalexin, inhibitors of replication
initiation and cell division, respectively, to allow com-
pletion of ongoing replication. The number of chromo-
somes in cells, as determined by flow cytometry,
corresponds to the number of origins at the time of
addition of the drugs.

Cells bearing pACYC177 vector predominantly con-
tained two or four origins (Fig. 4C). Introduction of pOA21
or pOAG1 considerably promoted initiation: pOA21 re-
sulted in most cells bearing four origins and pOA61
resulted in most cells bearing eight origins. Asynchro-
nous initiations and increased mean cell mass were also
induced by pOA61, resulting in a considerable number of
cells bearing five, six, or seven origins. Both plasmids
increased the number of origins per cell mass compared
with pACYC177 (Fig. 4D), indicating that initiation was
promoted in a DARS-dependent manner.

PACYC177 bearing DnaA box-deleted DARS deriva-
tives did not stimulate initiation (pOA76 [DARS1::ADnaA
boxes] and pOA71 [DARS2::ADnaA boxes]| in Fig. 4C,D),
consistent with the in vitro data (Figs. 1A, 2A). Also, the
number of origins per unit cell mass was similar between
pOA21 and pOA61 (Fig. 4D). The difference between
pOA21 and pOAG61 in the number of origins in a cell
was thus attributed to the increased cell mass induced by
pOAG1 (Fig. 4C).
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Cellular DnaA content was not significantly affected
by the plasmids (Fig. 4E), which supports the hypothesis
that DARS1 and DARS2 can promote replication initia-
tion by stimulating DnaA reactivation in vivo. Transcrip-
tion of the dnaA gene is autoregulated, and ATP-DnaA
represses about twofold more tightly dnaA transcription
than ADP-DnaA in vitro (Speck et al. 1999). The cellular
DnaA molecules are present at a level of 1000-2000
molecules per cell and they are very stable (Torheim
et al. 2000; Shimuta et al. 2004). Thus, fluctuations in
dnaA transcription should not necessarily largely affect
the total cellular DnaA levels. Indeed, the cellular DnaA
level is not significantly increased even in hda mutant
cells (Fujimitsu et al. 2008).

Oversupply of DARS2 using pKX11, a derivative of
PBR322 (twofold to threefold higher in the copy number
than pACYC177) inhibited colony formation in an oriC-
and dnaA-dependent manner (Fig. 4F). oriC- or dnaA-
disrupted cells replicate the chromosomes depending on
rnhA disruption-dependent origins (Kogoma 1997) and
were resistant to DARS2 oversupply. Activation of the
alternative replication origins in the presence of the
intact oriC and dnaA did not suppress the inhibition of
colony formation caused by DARS2 oversupply (YT411 in
Fig. 4F), which excludes the possibility that the colony
formation inhibition could result from inhibition of the
oriC function by titration of replication initiation factors
such as DnaA. Instead, these results are consistent with
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the idea that DARS2 oversupply can cause overinitiation
at oriC, resulting in growth inhibition of cells.

Inhibition of the colony formation of cells bearing the
intact oriC and dnaA depended on the DnaA box cluster
on DARS2 (pOA77 in Fig. 4F), which is consistent with
the idea that DnaA binding to DARS2 is prerequisite for
the inhibition. However, we cannot exclude the possibil-
ity that an unknown regulatory factor is titrated out in
a DARS2 DnaA box cluster-dependent manner, thereby
causing overinitiation.

DARSI-bearing pBR322 or pUCI9 did not impair
colony formation (data not shown), suggesting different
regulations to DARSs (see the Discussion).

Deletion of DARS1 or DARS?2 rescues growth
of hda-defective cells

To investigate if DARSs are essential for cell growth, we
first disrupted the chromosomal DARSs. The region cor-
responding to FK7-4 (Fig. 1A) and the DnaA box cluster

Figure 4. Regeneration of ATP-DnaA and reactivation of DnaA
by DARS1 or DARS2 multicopies in vivo. (A) KA474 (dnaN59)
cells bearing pACYC177 (None) or pOA21 (DARS1) were in-
cubated in a medium containing [**PJorthophosphate at 28°C
until the optical density (Ageo) reached 0.2, and shifted to 42°C
in the presence of chloramphenicol. After incubation for the
indicated amount of time, DnaA was immunoprecipitated using
anti-DnaA serum, and DnaA-bound nucleotides were analyzed
by thin-layer chromatography. Error bars represent the stan-
dard deviation from three independent experiments. (pOA21)
PACYC177 derivative carrying FK7-7. (B) KA474 (dnaN59) cells
bearing pACYC177 (None) or pOA61 (DARS2) were similarly
analyzed. (C) Flow cytometry analysis. MG1655 cells bearing
pACYC177 (vector), pOA21 (DARS1), pOA76 (DARS1::ADnaA
boxes [DARS1::ADBs]|), pOA61 (DARS2), or pOA71 (DARS2::
ADnaA boxes [DARS2::ADBs|) were grown at 37°C in M9
medium containing ampicillin, followed by incubation for 4 h
in the presence of rifampicin and cephalexin. Cell size and DNA
content were analyzed by flow cytometry. The numbers inserted
in each histogram are relative ratios of mean cell mass to that of
cells bearing pACYC177. (pOA76) pACYC177 derivative bearing
FK7-21. (D) Relative ratios of the number of origins (ori) per cell
mass in cells bearing the indicated plasmids (obtained from C) to
those in cells bearing pACYC177. (E) Immunoblot analysis using
anti-DnaA antiserum. Cells were grown under the same con-
ditions as those described in C. Portions of the cultures
equivalent to the total cell volume in 200 pL at an optical
density (Aggo) of 0.1 were subjected to immunoblot analysis.
Relative ratios of DnaA content of cells bearing the indicated
plasmids to that of cells carrying pACYC177 are shown. Results
are representative of three independent experiments. (F) oriC-
and dnaA-dependent colony formation inhibition by DARS2
oversupply. Cells were transformed with pBR322 (Vector),
pKX11 (pBR322-DARS2), and pOA77 (pBR322-DARS2::ADnaA
boxes [DARS2::ADBs]) and incubated at 30°C (KH5402-1, 22 h;
YT411, 26 h; KA451, KA429, and KA450; 36 h) on LB agar plates
containing ampicillin. Colonies with a diameter of >1.0 mm
were counted. Relative ratios of transformation efficiency by
pKX11 and pOA77 to that by pBR322 are shown. Transforma-
tion efficiency of the indicated strains by pBR322 was 10* to 107
per microgram of DNA. (Am) Amber mutation; (A) del-1017.



(35-bp region containing DB I-DB III in Fig. 2A) were
replaced with a drug-resistant gene in recD-disrupted
cells or in cells carrying A Red recombinase (Supplemen-
tal Material). Disrupted DARS1 and DARS2 were in-
troduced into MG1655 (wild type) by P1 transduction.
The resultant mutants (MIT17 [ADARSI::kan|, MIT78
[ADARS2::cat], and MIT84 [ADARS2::spec]) formed as
many colonies as MG1655 on LB plates at 30°C, 37°C,
and 42°C (data not shown). Similar results were ob-
tained from MG1655 bearing disruptions in both DARS1
and DARS2 (MIT80 [ADARSI::kan ADARS2.::cat] and
MIT92 [ADARSI ::kan ADARS2.::spec]) (data not shown).
These results indicate that DARS1 and DARS2 are
dispensable for cell growth.

To investigate a role for DARSs in the in vivo regula-
tion of DnaA nucleotide forms, we tested whether the
DARS deletions could suppress the lethality caused by
the hda deletion. Lack of Hda increases the cellular ATP-
DnaA level, causing overinitiation of replication and
inhibition of colony formation (Kato and Katayama
2001; Gon et al. 2006; Fujimitsu et al. 2008). When
Ahda:: cat were introduced into MG1655 (wild type) via
P1 phage, colonies failed to form (Fig. 5A; Supplemental
Fig. 3; Kato and Katayama 2001). In contrast, transduc-

A oriC-dependent Frequency of
Recipient DARS1 DARS2 replication transduction
MG1655 + + + <7.7x107"°
MIT17 A + + 1.7x107
MIT84 + A + 19x107
MIT92 A A + 1.1x107
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Figure 5. DARSI1 and DARS2 are required for the regulation
of cellular ATP-DnaA levels. (A) hda::cat was transduced
into MG1655 (wild type], MIT17 (ADARSI::kan) MIT84
(ADARS2::spec), MIT92 (ADARSI::kan ADARS2::spec), and
KW262-5 (rnhA::Tn3 AoriC::Tnl10: oriC-independent replica-
tion) by P1 phage, followed by incubation at 37°C for 20 h or
36 h (only for KW262-5) on LB agar plates containing chloram-
phenicol (20 pg/mL). Colonies with diameters of >1 mm were
counted. Frequency of transduction represents the number of
colonies per Pl phage particle. (B) KW262-5 (rnhA::Tn3
AoriC::Tn10), MKS86 (rnhA::Tn3 AoriC::Tnl0 Ahda::cat),
MIT47 (rmhA::Tn3 AoriC::Tn10 Ahda::cat ADARSI::kan),
MITS86 (rnhA::Tn3 AoriC::Tnl0 Ahda::cat ADARS2::spec),
and MIT88 (rnhA::Tn3 AoriC::Tn10 Ahda::cat ADARSI::kan
ADARS2::spec) were incubated in medium containing
[32P]orthophosphate at 37°C until the optical density (Agso)
reached 0.2. DnaA-bound nucleotides were recovered and de-
termined as in Figure 4A. Error bars represent the standard
deviation from three independent experiments.

DnaA-reactivating sequences

tion of Ahda::cat into MIT17 (ADARSI1::kan), MIT84
(ADARS2::spec), and MIT92 (ADARS1::kan ADARS2::
spec) resulted in colonies forming at efficiencies similar
to those of a control strain, KW262-5 (AoriC::Tnl0
rnhA::Tn3) (Fig. 5A; Kogoma 1997; Kato and Katayama
2001). When we performed the plasmid complementation
tests using the resultant Ahda ADARS double mutants
and pACYC177, pOA21 (pACYC177-DARS1), or pOAG1
(PACYC177-DARS2), colony formation of the transform-
ants was severely inhibited in a manner dependent on
plasmid-carried DARS (data not shown). This result
means that no critical suppressor mutations occur in
the mutant cells. Thus, DARS mutations suppressed the
growth inhibition caused by hda deletion, consistent
with the hypothesis that DARS stimulates oriC- and
DnaA-dependent initiation. In further support of this
hypothesis, we recently isolated a suppressor of the
hda-185 (Cs) mutant that carries a transposon inserted
within DARS2 (K Mazda, K Fujimitsu, and T Katayama,
unpubl.).

Cells bearing both ADARS1 and Ahda formed colonies
smaller than cells bearing both ADARS2 and Ahda
(Supplemental Fig. 3). Doubling times of these cells were
32 min (for cells bearing ADARS1 Ahda) and 25 min (for
cells bearing ADARS2 Ahda) in LB medium at 37°C.
These results suggest that DARS2 may have a higher
activity than DARSI in cells.

DARS1 and DARS?2 increase the level of cellular
ATP-DnaA

To determine directly if DARSs affect the ATP-DnaA
level in vivo, we used Ahda AoriC::Tn10 rnhA::Tn3 cells
bearing DARS deletions in a DnaA immunoprecipitation
assay. In cultures of wild-type cells, the ATP-DnaA level
constituted 25% of the ATP-DnaA/ADP-DnaA, whereas
in cultures of Ahda cells, the level was elevated to 71%
(Fig. 5B; Supplemental Fig. 4), consistent with our pre-
vious study (Kato and Katayama 2001). Introducing
ADARSI caused a 14% decrease in ATP-DnaA level in
Ahda cells, and introducing ADARS2 caused a 30% de-
crease (Fig. 5B; Supplemental Fig. 4). This difference in
ATP-DnaA levels is consistent with that observed in the
growth rates of the mutant cells (Supplemental Fig. 3). In
cells lacking both DARS1 and DARS2, the level of ATP-
DnaA decreased by 41%, resulting in a level comparable
with that in the wild-type hda control strain (Fig. 5B;
Supplemental Fig. 4). These results indicate that DARS1
and DARS?2 function independently and concordantly to
elevate the ATP-DnaA level in vivo.

DARS1 and DARS?2 stimulate replication initiation

in vivo

We first investigated whether deletion of DARSs on chro-
mosomes enhanced the thermosensitivity of temperature-
sensitive dnaA508 mutants. The dnaA508 allele bears
mutations within domain I, which is important for inter-
DnaA interaction (Hansen et al. 1992; Weigel et al. 1999;
Felczak et al. 2005). Domains IIT and IV, which bind ATP/
ADP and DnaA box (Roth and Messer 1995; Messer 2002;
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Fujikawa et al. 2003), are intact in this allele, which
is consistent with the possibility that initiation activity
of DnaA508 might be supported by ATP binding. Simul-
taneous deletion of both DARSs severely reduced the
colony formation ability of dnaA508 mutant cells at 39°C
(Fig. 6A). Flow cytometry analysis demonstrated that
deletion of DARS1, DARS2, or both repressed extraini-
tiations that occur in datA or seqA mutant cells (data not
shown). These results are consistent with the idea that
DARSs support replicational initiation activity in vivo.

To assess the role of chromosomal DARSs in repli-
cation initiation, we analyzed cells lacking DARSI1
(MIT17), DARS2 (MIT78), or both (MITS0] by flow cyto-
metry. Wild-type (MG1655) cells mainly contained two or
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Figure 6. DARS1 and DARS2 are required for the timely
initiation of replication. (A) Enhancement of dnaA508 thermo-
sensitivity by deletion of DARS. Cells were grown overnight at
30°C, serially diluted, spotted on LB plate, and incubated for 16
h at 30°C or for 11 h at 37°C, 39°C, or 42°C. (B) Flow cytometry
analyses. Cells of MG1655 (wild type), MIT17 (ADARSI ::kan),
MIT78 (ADARS2.::cat), and MIT80 (ADARSI ::kan ADARS2.:: cat)
were grown in M9 medium at 30°C, 37°C, or 42°C, followed by
run-out replication, as described in Figure 4C. The numbers
inserted in each histogram are ratios of mean cell mass to that of
wild-type cells at each temperature. (C) Relative ratios of the
number of origins (ori) per cell mass in the indicated cells (from
B) to that of wild-type cells at the indicated temperatures.
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four origins at 30°C, 37°C, or 42°C (Fig. 6B). The cells
bearing four origins increased depending on growing
temperatures. MIT17 (ADARSI1) and MIT78 (ADARS2)
had relatively fewer cells bearing four origins at all
temperatures used than MGI1655, which is especially
evident at 37°C and 42°C. The number of origins per
mass in the DARS mutants was less than in the wild-type
cells, indicating an inhibition of initiation (Fig. 6C).
Furthermore, MIT78 cells bearing only three origins per
cell were detected at 37°C and 42°C (Fig. 6B), indicating
that synchronous initiations were inhibited.

In the ADARS1 ADARS2 double mutant (MIT80), a re-
duction in the number of cells bearing four origins as well
as an increase in mean cell mass were observed at each
temperature compared with those of the wild type (Fig.
6B). These resulted in a severe reduction in the number of
ori per cell mass (Fig. 6C). This indicates that initiation
was further inhibited in the double mutant and suggests
that the defects in DARSI and DARS2 act synergistically,
especially at 30°C and 37°C (Fig. 6C). At 42°C the syn-
ergistic effect was only slight, which might be related to
the enhanced defects by a single ADARS (Fig. 6C). A
moderate increase in mean cell mass in MIT80 allows an
increase in the origin number in each cell, resulting in an
apparently moderate inhibition in initiation in Figure 6B
compared with the data in Figure 6C. In MITS80, in-
hibition of replication initiation may adversely affect cell
division.

The DnaA content of these mutant cells was compa-
rable with that of wild-type cells (Supplemental Fig. 5).
Concordantly, these results are consistent with the hy-
pothesis that DARS1 and DARS2 act cooperatively to
stimulate the initiation of replication, and that this role
of DARSs is required for regulating the initiation of
chromosomal replication in coordination with the cell
cycle.

We further assessed the total DNA content per cell
mass in exponentially growing cells. MIT80 (ADARSI1
ADARS2) cells contained substantially reduced DNA
content per cell mass (Supplemental Table 2). In contrast,
in cells that replicate the chromosomes independently of
oriC, the DNA content was not affected by the simulta-
neous deletions of DARS1/2 (MIT168 in Supplemental
Table 2). These results are consistent with the idea that
DARSs promote chromosomal replication in an oriC-
dependent manner.

DnaA domains III and IV are required
for DARS function

To determine how DARS promotes ADP-DnaA complex
dissociation, we performed a biochemical analysis using
DnaA mutants. Based on the observation that neither
a single DnaA box nor the oriC region promotes the
dissociation of ADP-DnaA (data not shown), we inferred
that the DnaA multimers formed on DARSI] contain
specific inter-DnaA interactions. First, DnaA R399A
and DnaA T435M, DnaA domain IV mutants lacking
activity of overall DNA binding and DnaA box binding,
respectively (Sutton and Kaguni 1997; Blaesing et al.
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Figure 7. Formation of highly ordered complexes on DARS] is
associated with the AAA* domain and bound nucleotide. (A,B)
Analysis of DARS1-dependent ADP-release activity of DnaA
mutants. [PHJADP-bound wild-type or mutant DnaA proteins (2
pmol) were incubated for 15 min at 30°C with 2 mM ATP and the
indicated amounts (A) or 50 fmol (B) of FK7-7.In A, wild-type (®)
and mutant DnaA (R399A, A; T435M, B) proteins were assessed.
In B, the amount of ADP released in a FK7-7-dependent manner
is shown as a percentage of the total starting amount of DnaA-
bound ADP. (III-IV) Truncated DnaA carrying only domain III
(AAA™) and IV. The other DnaA proteins are full length, with
amino acid substitutions in the AAA* motifs indicated. (C)
Complexes consisting of DARS1 and wild-type DnaA or DnaA
D269N. Various amounts (0, 60, 150, 300, 600, and 1000 fmol) of
wild-type DnaA (WT) or DnaA D269N (D269N) were incubated
with #?P-labeled FK7-7 (30 fmol) and 2 mM ADP, followed by
EMSA. (C I-IV) Complexes I-1V; (Free) protein-free FK7-7. Aster-
isks indicate the lanes scanned for D. (D) Intensities in the lanes
indicated by asterisks in C were determined by densitometric
scanning and are presented in arbitrary units. (Black line) Wild-
type DnaA,; (gray line) DnaA D269N. Migration positions for free
DNA (Free) and complexes I-IV (C I-1V) are indicated. (E) Com-
plexes consisting of DARS1 and ADP-DnaA or apo-DnaA. Various
amounts (0, 60, 150, 300, 600, and 1000 fmol) of ADP-DnaA (ADP-
form) or apo-DnaA (Apo) were incubated for 15 min on ice with
32p_labeled FK7-7 (30 fmol) in the presence or absence of 2 mM
ADP, followed by EMSA. Asterisks indicate the lanes scanned for
F. (F) Intensities in the lanes indicated by asterisks in E were
determined and are presented similarly to D. (Black line) ADP-
form; (gray line) Apo. Migration positions for free DNA (Free) and
complexes I-IV (C I-IV) are indicated.

2000), were defective in DARS1-mediated ADP release
(Fig. 7A). These results are consistent with the results of
DnaA box substitutions in DARS1 and DARS2 (Figs. 1A~
C, 2A). Second, domain I-II-truncated DnaA (denoted

DnaA-reactivating sequences

DnaA MI-1IV) fully sustained the DARSI1-dependent
ADP-releasing activity (Fig. 7B). Domain II is a flexible
linker (Abe et al. 2007). These results suggest the specific
importance of domain IIl, which bears the AAA* motifs,
in addition to domain IV.

Asp-269, the AAA™ sensor 1 motif, is required for DARS
function and formation of high-order complexes

First, we analyzed a DnaA AAA" sensor 1 motif mutant,
DnaA D269N. Asp-269 is located near the nucleotide-
binding pocket and DnaA D269N has a reduced affinity
for ATP/ADP, whereas DnaA box-binding activity is
sustained (Kawakami et al. 2006). When ADP-bound
DnaA D269N was incubated in the presence of DARS1
and 2 mM ATP, ADP was not substantially released
(Fig. 7B), indicating that Asp-269 is required for DARS1
function.

We next analyzed complexes formed by ADP-DnaA
and DARSI using an electrophoretic mobility shift assay
(EMSA). EMSA was performed in the presence of 2 mM
ADP to detect the complex containing ADP-DnaA and
DARSI1. With increasing amounts of ADP-DnaA, the
migration of DARSI was sequentially retarded, resulting
in at least four discrete bands in the gel (C I-IV in Fig. 7C).
These results indicate that ADP-DnaA can form multi-
meric complexes containing four or more ADP-DnaA
molecules on DARSI1. Under the same buffer conditions
as those used for EMSA, DARS1-dependent ADP release
was seen (data not shown).

EMSA further demonstrated that DnaA D269N is
impaired to form complexes containing three or more
DnaA molecules (Fig. 7C,D), which is consistent with
its inability to dissociate DnaA-ADP (Fig. 7B). Initial
DARSI-binding rates of DnaA D269N were comparable
with those of wild-type DnaA (see free DNA in Fig. 7C),
which is consistent with a previous report demonstrating
that the affinities of wild-type DnaA and DnaA D269N
for a single DnaA box are similar (Kawakami et al. 2006).
These results suggest that the conformation of the AAA*
domain is important for the inter-DnaA interaction in
DARS complexes and for modulating the interaction
with ADP. The sensor 1 motif might directly affect the
conformation of the nucleotide-binding pocket in DARS
complexes (see below; Discussion).

ADP-DnaA molecules assemble on DARS1
in a unique manner

DnaA R281A and DnaA R285A have substitutions in the
arginine residues of the Box VII motif arginine fingers.
Although the affinity of these mutant proteins for ATP/
ADP is intact, they are defective in specific inter-DnaA
interactions within the initiation complexes, and are thus
unable to activate replication initiation (Felczak and
Kaguni 2004; Kawakami et al. 2005). DnaA R281A and
DnaA R285A were able to undergo DARSI-mediated
ADP release (Fig. 7B), but DnaA R285A showed a moder-
ate decrease in ADP release. Like wild-type DnaA, DnaA
R285A formed multimeric complexes on DARS1 in
EMSA (data not shown), which suggests that Arg-285

GENES & DEVELOPMENT 1229



Fujimitsu et al.

assists in the conformational change of the protomers.
DnaA R334A, which has a substitution in the arginine
residue of sensor 2, is defective in DnaA-ATP hydrolysis
in RIDA-derived complexes, although its affinity for ATP/
ADP is intact (Nishida et al. 2002). This protein was fully
active in DARS1-dependent reactivation (Fig. 7B).

Apo-DnaA multimers on DARS1 are unstable

Several AAA* family proteins form multimers, and
nucleotides bound to these multimers mediate interac-
tions between protomers, leading to an overall conforma-
tional change of the multimers (Gai et al. 2004; Iyer et al.
2004; Enemark and Joshua-Tor 2006). We thus speculated
that the nucleotide status of DnaA might affect DARS-
specific reactions. Indeed, formation of DARS complexes
containing three or more DnaA molecules was inhibited
for apo-DnaA, even when high levels of DnaA were input,
and the remaining free DNA levels were similar between
ADP-DnaA and apo-DnaA (Fig. 7EF). Initial DARSI-
binding rates of apo-DnaA were inhibited slightly com-
pared with those of ADP-DnaA (see Free DNA in Fig. 7E).
These observations suggest that apo-DnaA-DARS] com-
plexes are unstable. This is consistent with the hypoth-
esis that apo-DnaA, a product of ADP release, efficiently
dissociates from DARS complexes, allowing further as-
sociation of ADP-DnaA and enhancing cyclic reactiva-
tion of DnaA (Supplemental Fig. 6).

Discussion

In this study, we demonstrated that specific genomic
sequences, DARS1 and DARS2, reactivate DnaA for rep-
lication initiation by exchanging bound ADP with ATP in
vitro. Further analyses confirmed that similar events also
occur in vivo. These findings provide the direct evidence
that ATP-DnaA regeneration in vivo can indeed promote
initiation of replication, and that specific sequences,
DARSI1 and DARS2, are required for the novel pathway
ensuring the initiation to occur in a cell cycle-coordi-
nated manner. DARS can catalytically regenerate DnaA.
The direct regulation of DnaA by the specific DNA
regulator would allow a rapid catalytic reaction to occur
without the energy used for the synthesis of a protein
regulator. The timely initiation of chromosomal replica-
tion is crucial for the growth rate-coordinated regulation
of the cell cycle in E. coli. The present findings thus serve
as an indispensable basis toward uncovering dynamic
regulations for the bacterial cell cycle as well as the ini-
tiation of chromosomal replication.

Analyses of cells either oversupplied with or lacking
DARSI1, DARS2, or both revealed that DARSs are impor-
tant for ensuring the timely initiation of chromosomal
replication during the cell cycle. We infer that cell cycle-
coordinated regulation of initiation largely depends on
DARS driving reactivation of ADP-DnaA. The impor-
tance of a single DARS increases at 42°C especially (Fig.
6B,C), suggesting a correlation between the rates of cell
growth and DnaA reactivation. Simultaneous deletion of
both DARSs synergistically inhibited replication initia-
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tion. Thus, DARSs likely play a redundant role in cells
and are able to compensate for each other.

Simultaneous deletion of both DARSs decreased the
ATP-DnaA level from ~70% to ~30% of ATP-DnaA/
ADP-DnaA in Ahda cells (Fig. 5B). This supports the
hypothesis that DARS is the predominant factor that
provides ATP-DnaA. The remaining ~30% of ATP-DnaA
may be provided by de novo synthesis of DnaA or by other
pathways (see below). De novo synthesized DnaA would
predominantly bind ATP.

Whereas deletions of DARSs synergistically inhibited
initiation of replication (Fig. 6C), they exhibited additive
effects on the decrease in the level of ATP-DnaA (Fig. 5B).
When the level of ATP-DnaA increases prior to initiation
in cells lacking either DARS1 or DARS2, the remaining
DARS may activate DnaA, which would slightly increase
the amount of time needed for ATP-DnaA levels to reach
the threshold needed for initiating replication. The si-
multaneous deletion of both DARSs would further se-
verely inhibit initiation.

Cells lacking both DARSI and DARS2 can form
colonies that are, however, impaired in replication initi-
ation. This suggests that de novo DnaA synthesis and
possible regeneration by alternative pathways can pro-
vide the minimum amount of ATP-DnaA required for
initiation of replication. Acidic phospholipids are candi-
dates for alternative regeneration factors. In addition,
there might be unidentified DARSs in the genome. The
presence of multiple pathways to provide ATP-DnaA
might be advantageous in cell cycle controls responding
to various growth conditions.

When DARS was not oversupplied in dnaN(Ts) cells,
the ATP-DnaA level was not elevated (Fig. 4), suggesting
the presence of a tight regulatory system for DARS
activity. Moreover, DARS1 and DARS?2 are likely regu-
lated by distinct mechanisms. DARS2 has a specific
activator (Fig. 2D,E). Unlike DARS1, DARS2 activity
during the cell cycle may be regulated by the dynamics
of the DARS2 activator. Oversupply and deletion of
DARS?2 inhibit cell division and synchronous replication
initiations more severely than those of DARSI (Figs. 4C,
6B). Regulation of DARS2 might be more important in
the cell cycle control than that of DARSI. In addition, the
chromosomal positions of DARSs may be related to their
regulation. These issues remain to be addressed.

Based on the findings and these analyses of chromo-
somal DARSs, we propose a model for regulation of
initiation linked with the DnaA cycle (Fig. 8). ATP-DnaA
is regenerated from ADP-DnaA largely by DARSs. Newly
synthesized DnaA would provide ATP-DnaA, which
assists the increase of the ATP-DnaA level. Acidic phos-
pholipids might play a similar assisting role. Cells should
have a DARS regulatory system including a DARS2-
specific stimulator, which could be regulated to function
in a cell cycle-coordinated manner. As a result of concor-
dant actions of these factors, the ATP-DnaA level reaches
a threshold required for replicational initiation at a timely
manner. After replicational initiation, RIDA is activated
by DNA loading of the pol III clamps, thereby promoting
DnaA-ATP hydrolysis and repression of reinitiations. In
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Figure 8. Model for the DnaA cycle in regulation of the
replicational initiation. A considerable amount of ATP-DnaA
is regenerated from ADP-DnaA by DARSs in a cell cycle-
coordinated or constitutive manner, leading to replicational
initiation. After this, ATP-DnaA is converted to ADP-DnaA by
RIDA. See the text for details.

fast growing cells, RIDA could be down-regulated in a cell
cycle-coordinated manner by an unidentified pathway to
assist the increase of the ATP-DnaA level (Kurokawa
et al. 1999; Su’etsugu et al. 2008). Moreover, DnaA
functions as a transcription repressor, and this activity
is also stimulated by ATP binding (Messer and Weigel
1997; Gon et al. 2006); e.g., ATP-DnaA represses dnaA
transcription more tightly than ADP-DnaA (Speck et al.
1999). DARS system would affect such transcriptional
controls.

DARSI1 and DARS2 share the DnaA box cluster essen-
tial for DARS activity. DARSs probably facilitate a spe-
cific inter-DnaA interaction that leads to the release of
bound ADP. Indeed, ADP-DnaA molecules form high-
order complexes on DARSI1 via specific AAA* domain-
dependent interactions (Fig. 7C). Furthermore, DnaA-
bound ADP promotes the formation of DARS1 complexes
(Fig. 7E), suggesting that a nucleotide-dependent confor-
mational change of the AAA* domain affects interactions
among protomers. Similar examples are reported for
AAA™ helicases, such as SV40 Large T antigen and
papillomavirus El protein (Gai et al. 2004; Enemark and
Joshua-Tor 2006).

Based on these and other analyses, we propose a me-
chanical model for DARS1-mediated reactivation of
DnaA (Supplemental Fig. 6). ADP-DnaA molecules as-
semble on DARSI in a manner dependent on both DnaA
box binding and nucleotide-mediated interaction of AAA*
domains. In these complexes, a heat-dependent confor-
mational change of the AAA* domain in DnaA occurs,
resulting in reduction in ADP affinity, production of apo-
DnaA, release of apo-DnaA from the complexes, and fur-
ther binding of new ADP-DnaA, which thereby allows a
catalytic reaction to occur. Released apo-DnaA binds ATP.
The flanking region of the DnaA box cluster promotes
DARS activity, possibly by facilitating DnaA multimer for-
mation or apo-DnaA dissociation by nonspecific binding.

DnaA sensor 1 Asp-269 is required for DARSI-
dependent ADP release and formation of highly ordered
complexes on DARSI. Sensor 1 motif is proposed to be an
analog of the switch II motif, which is conserved in

DnaA-reactivating sequences

G-protein families such as the Ras family (Davey et al.
2002; Rossman et al. 2005). Switch II directly binds GEF
(guanidine nucleotide exchange factor), thereby promot-
ing the release of GDP bound to G-protein. Similarly, the
Asp-269 residue might directly contact an adjacent pro-
tomer during complex formation, causing stabilization of
the complexes and a conformational change of the DnaA
AAA* domain that decreases its affinity for nucleotides.
Alternatively, a mutation in Asp-269 could indirectly
affect the interaction between AAA* domains by intro-
ducing an overall conformational change in the nucleo-
tide-binding pocket (Kawakami et al. 2006).

DARS-like DnaA box clusters are seen in genomic
sequences of many eubacterial species. In Shigella flex-
neri, Salmonella typhimurium, Yersinia pestis, Photo-
rhabdus luminescens, Erwinia carotovora atroseptica,
and Vibrio cholerae, the DnaA box clusters upstream of
uvrB and mutH are highly conserved (Supplemental Fig.
7), suggesting that DARS] and DARS2 are conserved
among E. coli-related species. In other proteobacterial
species, a DnaA box cluster occurs in various intergenic
regions. In species other than proteobacterial species,
DnaA box clusters occur near the dnaA gene or other
genes with arrangements of DnaA boxes different from
those of E. coli DARS, which might interact with the
cognate DnaA orthologs and function as DARS.

Materials and methods

Protein, primers, strains, and plasmids

Protein, primers, strains, and plasmids are provided in the Sup-
plemental Material.

ADP-releasing activity, exchange of DnaA-bound nucleotides,
and initiation activity of DnaA in vitro

These in vitro experiments were performed as described pre-
viously (Fujimitsu and Katayama 2004), with the following
minor modifications. Reaction solutions for ADP release and
exchange of the DnaA-bound nucleotide included 100 mM
potassium glutamate. Reactions assessing the activity of
pACYC177-DARS?2 included poly dI-dC (150 ng).

Preparation of the crude extract capable of stimulating
DARS2 activity

Exponentially growing cells were collected by centrifugation,
suspended to an optical density (Asos) of 250 in chilled buffer (50
mM HEPES-KOH at pH 7.6, 300 mM KCl, 2 mM dithiothreitol),
incubated for 30 min on ice in the presence of lysozyme (300 pg/
mL), and frozen in liquid nitrogen. After thawing at 0°C—4°C,
cleared lysates were obtained by centrifugation at 48,000 rpm for
30 min in a Beckman Ti 50-2 rotor. Ammonium sulfate (0.33 g/
mL) was added slowly, with stirring, to the supernatant, followed
by further stirring for 30 min. Precipitates were collected by cen-
trifugation as above, and dissolved in buffer (50 mM HEPES-KOH
atpH 7.6, 10% [v/v] glycerol, 1 mM EDTA, 2 mM dithiothreitol).

Determination of DnaA nucleotide form and cellular DnaA
content, and flow cytometry

The nucleotide forms of cellular DnaA were determined as
described previously (Kurokawa et al. 1999; Fujimitsu et al.
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2008). DnaA content in the cells was determined by immunoblot
analysis, as described previously (Fujimitsu et al. 2008). Flow
cytometry analysis was performed as described previously
(Kawakami et al. 2006; Keyamura et al. 2007; Fujimitsu et al.
2008).

EMSA using DARS1

FK7-7 was PCR-amplified using pOA21 and primers (32P-5'-
end-labeled SIS-6 and SIS-7) (Supplemental Table 3), followed
by purification using a Wizard SV spin column (Promega) and
a CENTRI-SEP column (Princeton Separations). ADP-DnaA was
prepared by incubation of apo-DnaA with 2 uM ADP for 15 min
at 0°C, with the exception of DnaA D269N, which was incubated
with 2 mM ADP. ADP-DnaA was incubated for 5 min at 0°C or
30°C in 12.5 p.L of buffer (20 mM HEPES-KOH at pH 7.6, 10 mM
magnesium acetate, ] mM EDTA, 8 mM dithiothreitol, 0.1 mg/
mL bovine serum albumin, 5% glycerol, 50 mM potassium
glutamate, 2 mM ADP, 21 ng poly dI-dC, 2.1 ng [30 fmol] of
32P_FK7-7). The mixtures were separated by 6% PAGE using 90
mM Tris-borate buffer at room temperature and were analyzed
using BAS2500 (FujiFilm). When apo-DnaA was included in
experiments, 125 mM potassium chloride was included in the
DARSI1-binding reaction, ADP was excluded in the DARSI1-
binding reaction and electrophoresis was performed at 4°C.

The reconstituted RIDA system

The reconstituted RIDA system was used as described previously
(Su’etsugu et al. 2005, 2008). Briefly, [a->’P]ATP-DnaA (1 pmol)
was incubated for 20 min at 30°C in buffer (12.5 pL) containing
ADP-Hda-cHis, the DNA-loaded clamp, and 2 mM ATP. Nucleo-
tides bound to DnaA were recovered on nitrocellulose filters and
analyzed using thin-layer chromatography and BAS2500.
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