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The initiation of chromosomal DNA replication is rigidly regulated
to ensure that it occurs in a cell cycle-coordinated manner. To
ensure this in Escherichia coli, multiple systems regulate the activ-
ity of the replication initiator ATP-DnaA. The level of ATP-DnaA
increases before initiation after which it drops via DnaA-ATP hy-
drolysis, yielding initiation-inactive ADP-DnaA. DnaA-ATP hydroly-
sis is crucial to regulation of initiation and mainly occurs by a
replication-coupled feedback mechanism named RIDA (regulatory
inactivation of DnaA). Here, we report a second DnaA-ATP hydro-
lysis system that occurs at the chromosomal site datA. This locus
has been annotated as a reservoir for DnaA that binds many DnaA
molecules in a manner dependent upon the nucleoid-associated
factor IHF (integration host factor), resulting in repression of un-
timely initiations; however, there is no direct evidence for the
binding of many DnaA molecules at this locus. We reveal that
a complex consisting of datA and IHF promotes DnaA-ATP hydro-
lysis in a manner dependent on specific inter-DnaA interactions.
Deletion of datA or the ihf gene increased ATP-DnaA levels to the
maximal attainable levels in RIDA-defective cells. Cell-cycle analy-
sis suggested that IHF binds to datA just after replication initiation
at a time when RIDA is activated. We propose a model in which cell
cycle-coordinated ATP-DnaA inactivation is regulated in a con-
certed manner by RIDA and datA.
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In Escherichia coli, DnaA protein initiates DNA replication by
forming a nucleoprotein complex with the chromosomal rep-

lication origin oriC (1–4). DnaA consists of four functional do-
mains: (i) Domain I binds to specific proteins, such as DnaB
helicase. (ii) Domain II is a flexible linker. (iii) Domain III, the
AAA+ domain, has motifs important for ATP-binding/hydrolysis
and inter-DnaA interactions (3–6). This domain can be divided to
subdomains IIIa and IIIb (5). (iv) Domain IV is the sequence-
specific DNA binding domain (5, 7). The minimal oriC (245 bp)
contains an AT-rich region that facilitates DNA duplex un-
winding, in addition to a DnaA assembly region that contains two
high-affinity 9-mer DnaA binding sites (DnaA boxes) called R1
and R4; a moderate-affinity site, R2; and several low-affinity
ATP-DnaA binding sites, including τ1 (2–4, 8, 9) (Fig. 1A).
Multiple ATP-DnaA molecules bind cooperatively to oriC. Key
residues for inter-DnaA interactions include the AAA+ Arg-fin-
ger Arg285, which plays a key role in the ATP-dependent inter-
action between DnaA monomers that activates DnaA complexes
during initiation, and Arg281 in AAA+ box VII, which stabilizes
inter-DnaA interactions (8, 10). Along with ATP-DnaA, inte-
gration host factor (IHF), a nucleoid-associated protein (11),
binds to oriC at a specific site (IBS: IHF-binding site) (Fig. 1A) (9,
12), resulting in formation of the initiation complex. IHF bends
DNA sharply (∼180°) (11) and enhances DnaA binding and DNA
unwinding (9, 12, 13). The binding of IHF to oriC occurs during
the preinitiation stage in vivo (14).
In E. coli, the cell cycle-coordinated initiation of chromosomal

replication is sustained by multiple systems that regulate the

activities of DnaA and oriC (1–4, 15). After ATP-DnaA induces
replication initiation, DnaA-bound ATP is hydrolyzed by Hda
protein in complex with the DNA-loaded β-clamp subunit of DNA
polymerase III holoenzyme, yielding initiation-inactive ADP-
DnaA (2, 4, 16, 17). This replication-coupled feedback system is
called RIDA (regulatory inactivation of DnaA). Hda and DnaA
are both AAA+ proteins (2, 4, 5). Two residues play key roles in
DnaA-ATP hydrolysis in RIDA: the Hda Arg-finger Arg153 and
DnaA Sensor II Arg334 (18). Defective RIDA results in over-
initiation and inhibition of cell growth; therefore, DnaA-ATP hy-
drolysis is critical for preventing extra initiation events (2, 4, 16, 17).
Immediately after initiation, SeqA protein binds to hemi-

methylated oriC, a product of semiconservative DNA replication
of fully methylated oriC, temporarily inhibiting untimely initiation
events (2, 4, 15). In addition, dnaA transcription is repressed in
a replication-coupled manner by SeqA, and by DnaA itself (2, 4,
19). The dnaA gene promoter contains a DnaA box cluster; ATP-
DnaA represses the promoter more tightly than ADP-DnaA (20).
Excess DnaA results in replication overinitiation (21).
A specific chromosomal locus known as datA, which spans

a ∼1-kb DNA region bearing five DnaA boxes and a single IBS
(Fig. 1A), is crucial for repressing untimely initiation events (22–
25). datA-deleted cells, like seqA-deleted cells, perform untimely
initiations at a level that does not inhibit cell growth (23). Fur-
thermore, deletion of datA or ihf causes rifampicin-resistant
initiations at oriC (26, 27). The Bacillus subtilis and Streptomyces
coelicolor genomes also have DnaA box clusters analogous to
datA that can repress untimely initiations (28, 29).
DnaA binding to datA is thought to reduce the number of DnaA

molecules accessible to oriC, thereby inhibiting untimely initiations
(22–25). Originally, datA was speculated to bind ∼370 DnaA mol-
ecules (22); however, this figure is deduced from indirect meas-
urements not yet supported by direct evidence. It remains unclear
how such a large number of DnaA molecules might bind to datA.
Here, we reveal a unique function of datA in DnaA-ATP hy-

drolysis, termed DDAH (datA-dependent DnaA-ATP hydrolysis).
We observed that datA efficiently hydrolyzed ATP bound to DnaA
in a manner dependent on both IHF andArg285 of the DnaAArg-
finger, suggesting that specific DnaA multimer formation is im-
portant forDDAH.Deletion of either datA or ihf increased cellular
ATP-DnaA levels in a RIDA-independent manner, consistent with
the fact that untimely initiations occur in datA and IHF mutant
cells (23–25, 27). Because IHF binding to datA in cells was detected
specifically at the postinitiation stage, datA function is likely to be
temporally regulated.
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Results
datA-IHF Complexes Promote DnaA-ATP Hydrolysis. To assess
whether datA-IHF complexes stimulate DnaA-ATP hydrolysis,
we incubated ATP-DnaA with a wild-type datA fragment (datA
WT) and purified IHF (Fig. 1 B–D). Most of the input ATP-
DnaA molecules (1 pmol) were converted into ADP-DnaA after
only 10 min at 30 °C in the presence of datA (0.05 pmol) and IHF
(0.2 pmol) (Fig. 1B). This activity was specific to datA, because an
oriC fragment (FK-9) was inactive in this reaction. These results
are consistent with a previous study showing that DnaA has very
weak intrinsic DNA-dependent ATPase activity at 37 °C (6, 30).
IHF was required for DDAH and stimulated it in a dose-de-

pendent manner (Fig. 1 B and C). In contrast HU, another re-
presentative nucleoid-associated protein (11), was completely
inactive in this reaction (Fig. 1C). The data in Fig. 1 B and C
suggest that the optimal molar ratio of DnaA:IHF:datA for
DDAH in vitro is 20:4:1. The DnaA-ATP hydrolysis rate re-
mained constant for 10 min at 30 °C (Fig. 1D); 1.6 molecules of
ATP-DnaA were hydrolyzed per min per datA molecule. These
data suggest that, like the DNA-clamp-Hda complex in RIDA,
datA catalytically promotes DnaA-ATP hydrolysis. RIDA can
hydrolyze at least 0.9 molecules of DnaA-ATP per DNA-clamp-
Hda complex per minute (18).
In E. coli, reactivation of ADP-DnaA by the DARS- (DnaA

reactivating sequence) dependent exchange of ADP for ATP is
crucial for timely replication initiation coordinated with the cell
cycle (31) (Fig. 1A). The E. coli chromosome contains two such
sequences, DARS1 and DARS2, each of which has a DnaA box
cluster that binds multiple ADP-DnaA molecules and yields
ATP-DnaA by nucleotide exchange. Consistent with this, ADP-
DnaA resulting from hydrolysis of ATP-DnaA by RIDA is re-
activated in vitro by DARS1 (31). We therefore asked whether
ADP-DnaA generated from ATP-DnaA by DDAH could be re-
activated for replication in a DARS-dependent manner (Fig.
1E). In the first stage, ATP-DnaA was inactivated in a DDAH-
specific manner, and datA DNA was thoroughly digested by
DpnII. When the resulting samples were further incubated in the
presence of DARS1 and 2 mM ATP, DnaA was fully reactivated
in a DARS1-specific and dose-dependent manner (Fig. 1E). These
results support the idea that DDAH can regulate the replication
initiation cycle in vivo. Exchange of DnaA-bound nucleotide may
be stimulated by acidic phospholipids as well as by DARS (1), but
we did not examine this pathway in this study.

Sequence Element Requirements of datA for DDAH. The original
characterization of datA suggested that the region containing
DnaA boxes 1–5 can bind the maximum number of DnaA mol-
ecules in vivo (22). Later studies found that only DnaA boxes 2–3
and IBS are crucial for repressing untimely initiations (24, 25).
To identify the specific sequence element prerequisites of datA
for DDAH, we first performed deletion analysis using a recon-
stituted DDAH assay (Fig. 2A). Full DDAH activity was sus-
tained even by datA del5 containing DnaA boxes 2–4 and IBS.
Furthermore, the datA del6 fragment, containing only DnaA
boxes 2–3 and IBS, also displayed DDAH activity, although the
reaction efficiency was moderately reduced. In contrast, the datA
WTΔIBS, del5ΔIBS, or del7-9 fragments, which lack DnaA box
2 or 3 or the IBS, were completely inactive (Fig. 2A). Thus, datA
del6 is the minimum region required for DDAH, consistent with
the results of the previous in vivo studies described above.
Next, we analyzed substitution mutants of DnaA boxes 1–5

and IBS, using a similar assay (Fig. 2B and Tables S1 and S2).

Fig. 1. datA-dependent DnaA-ATP hydrolysis. (A) Schematic presentation
of the chromosomal loci and structures of oriC, dnaA, datA, DARS1/2, and
ter. (Left) The location of each site on the E. coli chromosome is indicated.
(Right) Open bars indicate the oriC-, datA-, and DARS1-containing fragments
used in this study: respectively, FK-9, datA WT, and FK7-7. Arrowheads
represent DnaA binding sites that match the 9-mer consensus sequence
completely (black) or contain a mismatch(es) (dotted). R5, I1–3, τ1–2, and C1–
3 in oriC are low-affinity ATP-DnaA binding sites (1, 4, 9). DnaA boxes 1–5 in
datA and DnaA boxes I–III in DARS1 are displayed similarly. IBS (green bars)
and AT-rich repeats that facilitate duplex unwinding (AT repeats; purple
bars) are also indicated. (B–D) In vitro reconstitution of datA-dependent
DnaA-ATP hydrolysis. [α-32P]ATP-DnaA (1 pmol) was incubated under various
conditions, and then analyzed by Thin-layer chromatography (TLC). The
proportions of ADP-DnaA to total ATP/ADP-DnaA molecules are indicated as
percentages (%). (B) ATP-DnaA was incubated at 30 °C for 10 min with the
indicated amounts of datA WT (datA) (●, ○) or FK-9 (oriC) (▲, △) in the
presence (●, ▲) or absence (○, △) of IHF (0.2 pmol). (C) ATP-DnaA was
incubated with the indicated amounts of either IHF (●, ○) or HU (▲, △) in
the presence (0.05 pmol) of datA WT (●, ▲) or FK-9 (○, △). (D) Reaction
time course was analyzed at 0 °C (○,△) or 30 °C (●,▲) in the presence of IHF
(0.2 pmol) and either datA WT (0.05 pmol) (●, ○) or FK-9 (▲, △). (E) In vitro
reconstitution of the DnaA cycle using datA and DARS1. DnaA activity was
assessed using an in vitro replication system. In the first stage, IHF (0.4 pmol)
and ATP-DnaA or ADP-DnaA (2 pmol) were incubated at 30 °C for 10 min in
buffer (25 μL) containing (red bars) or excluding (black bars) datA WT, fol-
lowed by the addition of DpnII and incubation at 30 °C for 5 min to digest
datA DNA. In the second stage, the indicated amounts of DARS1 DNA (FK7-7,
1 μL) were added to samples (27 μL) that had contained ATP-DnaA and datA
WT (red bars) or ADP-DnaA (black bars) in the first stage, followed by further
incubation at 30 °C for 15 min. After the first- and second-stage reactions,
portions (5 μL) were withdrawn, and DnaA initiator activity was analyzed in
vitro using a minichromosome replication system in a crude protein extract. In
the second stage, subDnaAbox2 (blue bar), a DnaA box 2-substituted de-
rivative of datA that is inactive in DDAH, was used as a negative control (see
also Fig. 2B). In the second stage, DARS1 mutant ΔCore (FK7-21), which

contains a deletion of DnaA boxes I–III and is inactive in DnaA-nucleotide
exchange, was used as a negative control. Error bars represent the SD from
two independent experiments.
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These mutants were inactive for DnaA or IHF binding (Fig. S1).
The results indicate that DnaA boxes 2–3 and IBS are crucial for
DDAH in vitro (Fig. 2B), consistent with the results of the in vivo
study described above. Substitution of DnaA box 4 moderately
reduced DDAH activity, consistent with the deletion analysis
(Fig. 2A). This moderate inhibition might be a consequence of
the inhibition of the cooperative binding of DnaA to the datA
derivative. DnaA boxes 3 and 4 reside side-by-side, with only 3
bp separating them, suggesting that binding of DnaA to DnaA
box 4 might stimulate cooperative binding of DnaA to the DnaA
boxes 2–3 region. DnaA box 4 is not required for the repression
of untimely initiations in cells growing in M9 medium (24), sup-
porting the idea that the DDAH activity of datA lacking DnaA
box 4 is sufficient for repression, at least under such conditions.
Additional deletion/insertion analyses indicate that the dis-

tance between IBS and DnaA box 3 is important for DDAH
(Fig. 2 C and D), consistent with previously reported in vivo data
(25). Specifically, datA delC (20-bp deletion) and insB+ (10-bp
insertion) sustained moderate DDAH activity in vitro, whereas
datA delD (30-bp deletion) and datA insB (5-bp insertion) were
inactive (Fig. 2D). Notably, datA delC and datA insB+ repressed
untimely initiation events in vivo as effectively as datA WT,
whereas datA delD and datA insB led to untimely initiations (25).

DDAH Requires DnaA Motifs for Inter-DnaA Interactions and for DNA
Binding. To analyze the mechanism underlying stimulation of
DnaA-ATP hydrolysis by the datA-IHF complex, we analyzed the
DDAH activity of DnaA mutants in vitro (Fig. 3). In RIDA,
Arg334 in DnaA AAA+ Sensor II is crucial for DnaA-ATP hy-
drolysis (6). This residue is located in close proximity to the
phosphate moiety of bound ATP and is proposed to participate
directly in catalysis of ATP hydrolysis (6, 32). DnaA R334A was
completely inactive in DDAH (Fig. 3A), suggesting that this
residue plays a crucial role in DDAH, as it does in RIDA.
The AAA+ Arg-finger Arg285 and box VII Arg281 also play

important roles in inter-DnaA interactions within the oriC ini-
tiation complex. Both residues are exposed on the surface of the
tertiary structure of DnaA. Arg285 promotes the ATP-specific
conformation of the initiation complex, as well as replication
initiation, by recognizing ATP bound to the flanking DnaA
molecule in the DnaA homo-oligomer (8, 32, 33). DnaA Arg281
is required to stabilize DnaA homo-oligomers at oriC (10). Un-
like Arg334, these residues are dispensable for DnaA-ATP hy-
drolysis in RIDA (8). In RIDA, the interaction between DnaA
and Hda promotes DnaA-ATP hydrolysis in a manner de-
pendent on the Hda Arg-finger and DnaA Arg334 (18). As in the
DnaA-oriC complex, but distinct from RIDA, DDAH required
Arg281 and Arg285 (Fig. 3 B and C), supporting the idea that
inter-DnaA interactions are crucial for DDAH. However, DnaA
R281A and DnaA R285A exhibited slight residual DDAH ac-
tivity, which may be explained by the lower stability of DnaA
complexes formed on datA than those formed on oriC and by the
less critical nature of either one of the two residues for DDAH
than for initiation at oriC. When DnaA R281A was used, ATP
hydrolysis was weakly stimulated even in the presence of oriC
(Fig. 3B). One possible explanation for this result is that Arg281
can affect the overall structure of DnaA complexes (Discussion).
DnaA domain IV is the DnaA box-binding region; in the

crystal structure, Arg399 in this domain directly binds to the
DnaA box (7). Consistent with this finding, DnaA R399A is
defective in DNA binding (34), and this mutant protein did not
display any DDAH activity (Fig. 3B).

Oligomerization of DnaA on the Minimum Region of datA. Several
low-affinity DnaA boxes have been suggested to be present in the
region between DnaA boxes 2–3 (35). To determine whether
DnaA oligomers are formed in the region, we performed EMSA
using datA del5 incubated at 15 °C for 5 min in the presence of
IHF and either ATP- or ADP-DnaA. The ATP-DnaA level was
sustained during the incubation (Fig. S3). ATP-DnaA formed
complexes carrying at least six DnaA molecules per datA del5
when the input molar ratio was 7–20 DnaA per datA (Fig. 3 D
and E). In the presence of ADP-DnaA, such complexes formed
significantly less efficiently than with ATP-DnaA; under these
conditions, complexes carrying only one to three DnaA mole-
cules were predominant (Fig. 3 D and E). These data suggest
that ATP-DnaA forms oligomers on datA more efficiently than
ADP-DnaA. Consistent results were obtained by DpnII-di-
gestion protection experiments using datA del5, DnaA, and IHF
(Fig. S4). Furthermore, these data are consistent with previous
surface plasmon resonance and footprint data for datA (25), as
well as with the ATP-DnaA–specific stimulation of assembly on
oriC and the dnaA promoter (8, 36).
Taken together, the results suggest that DDAH is a unique

mechanism that regulates the hydrolysis of ATP bound to DnaA;
DnaA oligomers are formed on the IHF-bound datA DnaA box
2–3 region, stimulating specific inter-DnaA interactions and
DnaA conformational changes that promote the ATP-Arg334
interaction and DnaA-ATP hydrolysis.

datA and IHF Required for Lowering ATP-DnaA Levels in Vivo. Based
on the data described above, we investigated whether the datA-IHF

Fig. 2. DnaA and IHF binding sites for DDAH. (A) The open bar at the top
depicts the datA region, as described in Fig. 1A. datA WT DNA and its trun-
cated derivatives (black bars) were incubated with [α-32P]ATP-DnaA (1 pmol)
and IHF at 30 °C for 10 min, followed by TLC. When the datA derivatives
included were 0.05 pmol, IHF included was 0.4 pmol. When the datA deriv-
atives included were 0.1 pmol, IHF included was 0.8 pmol. Results (%) are
shown to the right of the bars. n.d., not determined. (B) Similar experiments
were performed using the indicated mutants of datA or oriC FK-9. sub-
DnaAbox1–5 and subIBS contain substitutions of the corresponding DnaA box
and IBS, respectively (Fig. S1 and Table S3). (C) Schematic of the relationship
between IBS and DnaA box 3. delC, delD, insB, and insB+mutations are shown
with the nucleotide numbers (25). For details in sequences, see Fig. S2. (D) An
in vitro reconstituted DDAH system using datA derivatives containing a de-
letion or an insertion between IBS and DnaA box 3.
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complexes repress ATP-DnaA levels in vivo. Our previous analyses
indicated that RIDA inactivation via the deletion of the hda gene
or inactivation of the clamp in asynchronous cells increases the
cellular ATP-DnaA level to 70–80% of the total number of ATP/
ADP-bound DnaA molecules, but never to 90–100% (16, 17).
Earlier experiments also showed that datA deletion slightly (i.e., 5–
10%) increased the ATP-DnaA level (37). Therefore, we inferred
that DDAH might be a second DnaA-ATP hydrolysis system that
plays a prominent role in the absence of functional RIDA. To test
this idea, we examined whether DDAH affects cellular ATP-DnaA
levels by introducing ΔdatA into RIDA-defective cells (Fig. 4A and
Table S3).
For this analysis, KW262-5 (ΔoriC ΔrnhA) cells were used

as a standard. Deletion of oriC represses lethal overinitiation
caused by RIDA inactivation, whereas deletion of the rnhA gene
encoding RNaseH I activates alternative origins, allowing the
growth of cells lacking oriC (38). DnaA was isolated by immu-
noprecipitation from the lysates of 32P-labeled exponentially
growing cells, and DnaA-bound nucleotides were quantified
using TLC, as previously described (16, 17, 31). In KW262-5
cells, ATP-DnaA levels were low (27%) (Fig. 4A). When the hda
deletion construct was introduced into KW262-5 cells and the
resulting MK86 cells were analyzed, the ATP-DnaA levels in-
creased to 72% (Fig. 4A). Importantly, introducing datA, ihfA, or
ihfB deletion constructs further increased the ATP-DnaA levels
to 88–97% (Fig. 4A); ihfA and ihfB encode, respectively, the α-
and β-subunits of IHF. In contrast, no further increase resulted
from deletion of hupA, which encodes the HUα subunit (Fig. 4A).
All of these results are consistent with the in vitro data described
above, and support the idea that DDAH constitutes a second in
vivo DnaA-ATP hydrolysis system.

Coordination Between Initiation of Replication from oriC and Binding
of IHF to datA. IHF binds to oriC in the preinitiation stage and
forms an initiation-competent DnaA-oriC complex (14). After
initiation, IHF is temporarily released from oriC (14). Therefore,
we performed ChIP assays in a temperature-sensitive dnaC2 mu-
tant to investigate whether IHF binding to datA is coordinatedwith
the replication cycle. The dnaC2 mutation inhibits replication
initiation, but not the progression of established replisomes at the
restrictive temperature. To synchronize the replication cycle,
dnaC2mutant cells that had been growing at 30 °C were incubated
for 90 min at 38 °C, the restrictive temperature. To initiate repli-
cation, the temperature was rapidly reduced to 30 °C, and then 5-
min later the temperature was rapidly shifted to 38 °C to inhibit
a second round of replication during further incubations. After

isolating DNA-protein complexes using anti-IHF antiserum, we
quantified levels of the oriC and datA loci and a control locus ylcC,
which has no IHF-specific binding sites (39), by real-time quanti-
tative PCR; the ratio of oriC to ter (the replication terminus) (Fig.
1A) was similarly determined (Fig. 4 B and C).
Analysis of the oriC/ter ratio showed that oriC was duplicated

within 5 min after the temperature reduction to 30 °C, and that
the oriC level was maintained for another 25 min (Fig. 4B). The
oriC/ter ratio returned to the original level 45–60 min after the
temperature reduction (Fig. 4B), indicating the completion of
replication. These data indicate that initiation occurred only once
within the initial 5 min at 30 °C. The ChIP data revealed that IHF
temporarily dissociated from oriC in an initiation-coupled man-
ner (Fig. 4B), as shown in a previous report (14). In the same
culture, the datA region was duplicated 10–20 min after initiation
(Fig. 4C). IHF dissociated from datA in the preinitiation stage,
bound to this site immediately after initiation, and dissociated
again 20–30 min after initiation (Fig. 4C). This dissociation timing
may be reasonable given that cellular ATP-DnaA decreases to its
basal level about 20 min after initiation (16). Similar results were
obtained when the second round of initiation was inhibited by
rifampicin (Fig. S5 and SI Results and Discussion). These results
indicate that IHF binding to datA is regulated in coordination
with the replication cycle (i.e., IHF dissociates from datA during
the preinitiation stage and binds to datA after initiation). This
behavior of IHF at datA differs from its behavior at oriC, which is
appropriate for its role in ensuring timely activation of DDAH in
coordination with the replication cycle.

Discussion
In this study, we identified a unique DnaA-regulatory pathway,
termed DDAH, which stimulates DnaA-ATP hydrolysis in
a datA-IHF-dependent manner. The sequence element require-
ments for datA in DDAH were the same as those required for
repression of untimely initiations in vivo. We also found that
deletion of datA or ihf further increased ATP-DnaA levels in
RIDA-defective cells. Taken together, these results support the
idea that DDAH assists RIDA in regulating ATP-DnaA levels,
and restricts initiation of replication in a manner independent of
RIDA (Fig. 5A). The chromosomal location of datA is relatively
close to those of oriC and dnaA (22) (Fig. 1A), which might en-
hance interaction of datA with ATP-DnaA molecules expressed
from the dnaA locus and localized in the oriC-proximal space
(Fig. S6). We hypothesize that DDAH might be a mechanism
common to many bacterial species whose genomes contain DnaA

Fig. 3. DnaA motifs are required for DDAH. (A) The
[α-32P]ATP forms (1 pmol) ofWTDnaA (●,○) or DnaA
R334A (▲, △) were incubated at 30 °C for 10 min
with IHF (0.2 pmol) and the indicated amounts of
datAWT (●,▲) ororiC FK-9 (○,△). (B) The binding of
WT DnaA (●, ○), DnaA R281A (▲, △), or DnaA
R399A (◆, ◇) to datA (●,▲, ◆) or oriC (○, △, ◇)
were similarly analyzed. (C) Similar experiments were
performed using WT DnaA (●, ○) and the R285A
mutant (▲,△). (D) The indicated amounts of ATP- or
ADP-DnaA were incubated with datA del5 (0.15
pmol), IHF (6 pmol), and 150 ng λDNA (as a competi-
tor) at 15 °C for 5min, followed by EMSA and Gel-star
staining. The gel image is shown in black-and-white
invertedmode. IHF, IHF-bound datA. C1–C3, datA-IHF
carrying 1–3 DnaA molecules. >5C, datA-IHF carrying
more than five DnaA molecules. (E) The proportions
of higher (>C5; ●, ○) and lower (C1–C3; ▲, △)
complexes of ATP- (●, ▲) or ADP-DnaA (○, △) were
determined using the data shown in D and are plot-
ted as percentages (%).
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box clusters; as noted above, the DnaA box clusters in B. subtilis
and S. coelicolor repress untimely initiations (28, 29).
Moreover, we found that IHF binds to datA immediately after

initiation and that it dissociates from datA 20–30 min after initi-
ation (Fig. 4C). This finding is consistent with observations that
ATP-DnaA levels increase during the preinitiation stage and
decrease to their basal level during replication (16, 37), and that
IHF binds to oriC to promote initiation (14). From these data, we
conclude that IHF is crucial for the timely activation of datA after
initiation. In other words, given that IHF binds to oriC in the
preinitiation stage to stimulate initiation, IHF would play both
positive and negative roles in regulating initiation by alternating
its binding loci (Fig. 5A and Fig. S6). This feature would be
crucial for sustaining coordinated fluctuations in the activities of
DnaA and oriC. It remains possible that IHF remains weakly
bound to datA throughout the cell cycle, but such binding, if
present, might be helpful in fine-tuning the ATP-DnaA level.
The specific requirement of DDAH for IHF, but not HU, is

noteworthy: for oriC initiation, the function of IHF can be
replaced by that of HU (12). Like IHF, HU induces sharp DNA
bending, but its interaction with DNA is not sequence-specific

(11). This difference suggests that the exact position of DNA
bending is more important in DDAH complexes than in initiation
complexes. DnaA binds less stably to datA than to oriC (22),
which could increase the requirement for IHF binding to a spe-
cific site during the construction of nucleoprotein complexes
functional in DDAH. Considering that the AAA+ motifs that sup-
port specific inter-DnaA interaction are required for full DDAH
activity, we suggest that IHF binding causes DNA looping to
promote inter-DnaA interactions between DnaA oligomers
formed on DnaA boxes 2 and 3 (Fig. 5B). This process would
result in a conformational change of DnaA and stimulation of
DnaA-ATP hydrolysis (Fig. 5C). The resultant ADP-DnaA
molecules would engage more weakly in cooperative binding, and
therefore dissociate from datA, which would accelerate the cyclic
binding of ATP-DnaA molecules to datA, leading to an efficient
rate of DnaA-ATP hydrolysis.
DnaA complexes actively hydrolyze DnaA-bound ATP on datA,

but not on oriC. We propose that ATP-DnaA-oriC complexes in
which Arg281 supports tight inter-DnaA interactions inhibit the
interaction of Sensor II Arg334 with ATP, thereby inhibiting ATP
hydrolysis (Fig. 5C). Tight inter-DnaA interactions are impaired
in DnaA R281A mutant-oriC complexes, allowing the interaction
of Sensor II Arg334 with ATP and thereby promoting ATP hy-
drolysis. Similarly, the inter-DnaA interaction in the ATP-DnaA-
datA complex is not as tight as that in the ATP-DnaA-oriC com-
plex, thus permitting the interaction of Sensor II Arg334 with
ATP and the promotion of ATP hydrolysis (Fig. 5C). Further-
more, Arg281 modulates the structure of the complex, thereby

Fig. 4. Analyses for cellular ATP-DnaA level and IHF binding. (A) KW262-5
(rnhA::Tn3 ΔoriC) (WT), MK86 (Δhda), KX93 (Δhda ΔdatA), KX30 (Δhda
ΔihfA), KX31 (ΔhdaΔihfB), and KX32 (ΔhdaΔhupA) cells were grown at 37 °C
in medium containing 32P. DnaA was immunoprecipitated, and recovered
DnaA-bound nucleotides were analyzed by TLC. Error bars represent the SD
from at least four independent experiments. (B and C) KYA018 (dnaC2) cells
growing at 30 °C in supplemented M9 medium were transferred to 38 °C and
incubated for 90 min. The cells were then transferred to 30 °C (time 0), in-
cubated for 5 min, and further incubated at 38 °C; samples were withdrawn
at the indicated times. The oriC, datA, and ylcC levels before (Input) and after
(ChIP) immunoprecipitation using anti-IHF antiserum were determined using
real-time quantitative PCR. The ChIP/Input for ylcC (%) was used as a back-
ground control for nonspecific IHF binding and was subtracted from the ChIP/
Input for oriC and datA. The levels of oriC or datA relative to ter in the Input
samples were also quantified using real-time quantitative PCR, and the
relative ratios of oriC/ter and datA/ter are expressed relative to the ratio at
0 min (defined as 1). Relative ChIP/Input values for oriC and oriC/ter ratio (B)
and the relative ChIP/Input values for datA and datA/ter ratio (C) are
shown. Error bars represent the SD from at least three independent
experiments.

Fig. 5. A model for the molecular mechanism of DDAH. (A) A revised view
of the DnaA activity cycle including DDAH. ATP-DnaA is hydrolyzed by two
independent pathways, RIDA and DDAH. IHF stimulates initiation at oriC (9,
12, 13) and DDAH. Thus, IHF plays both positive and negative roles in initi-
ation. DARS reactivates ADP-DnaA by ADP-to-ATP exchange. (B) A model of
the structure of the DnaA-IHF-datA complex. ATP-DnaA multimers are
formed on regions carrying DnaA boxes 2–4. Sharp DNA bending by IHF
stimulates interaction between ATP-DnaA multimers. For simplicity, only
DnaA domain III (red or pink polygon) and domain IV (orange square) are
shown. (C) A model of DDAH-specific conformational change of DnaA
oligomers. For simplicity, only a dimer of DnaA domain III is shown. Domain
IIIa (large polygon, IIIa) contains Arg285 of the Arg-finger and Arg281 of Box
VII, whereas domain IIIb (small polygon, IIIb) contains Arg334 of Sensor II. In
ATP-DnaA-oriC complexes, Arg285 recognizes the neighboring DnaA-bound
ATP molecule, and Arg281 supports tight inter-DnaA interactions. These
events inhibit the interaction between ATP and Arg334 of Sensor II. In DnaA
R281A mutant-oriC complexes, the inter-DnaA interaction is not as tight,
resulting in a preponderance of the DnaA Arg334-ATP interaction. In ATP-
DnaA-datA complexes, Arg281 modulates the structure of the complex and
the inter-DnaA interaction is not as tight, which also allows the DnaA
Arg334-ATP interaction. In ATP-DnaA-Hda complexes involved in RIDA, the
DnaA-Hda-interaction is not tight, which allows ATP to interact with DnaA
Arg334 and Hda Arg153.
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stimulating DDAH. In the ATP-DnaA-Hda complex of RIDA,
the DnaA-Hda interaction is weak, facilitating the interaction of
ATP with both Sensor II Arg334 and the Hda Arg-finger Arg153,
resulting in DnaA-ATP hydrolysis (Fig. 5C).
It has been proposed that datA binds 60–370 DnaA molecules

(22, 34), thereby restricting the association of DnaA molecules
with oriC for replication initiation (22–25, 35). The results of this
study do not completely exclude this possibility; however, the
mechanism by which datA absorbs so many DnaA molecules, if
indeed it does so, remains unclear. The number of DnaA mol-
ecules proposed to bind to datA in vivo (i.e., 60–370 molecules)
has been deduced indirectly from experiments that analyzed the
de-repression of dnaA or mioC transcription upon introduction
of low- or multicopy plasmids bearing datA (22, 35). The binding
of DnaA molecules to the promoter regions of these genes,
which carry a DnaA box cluster, represses transcription (35).
Given that ADP-DnaA oligomers formed on DNA are less sta-
ble and functional than the ATP-DnaA oligomers involved in
transcriptional repression (20, 36), an increase in cellular ADP-
DnaA level induced by extracopies of datA should stimulate de-
repression of transcription, potentially resulting in overestimation
of the number of datA-binding DnaA molecules. Moreover, the
observation that an IBS-substituted datA mutant failed to repress
untimely initiations, even though it sustained a basal level of
multiple DnaA binding (25), is consistent with the mechanism
and the in vivo significance of DDAH.

Materials and Methods
Protein, DNA, E. coli Strains, DpnII Inhibition by ATP-DnaA, and EMSA. Protein,
DNA, E. coli strains, DpnII inhibition by ATP-DnaA, and EMSA are described
in the SI Materials and Methods.

In Vitro Reconstitution of DnaA-ATP Hydrolysis by datA. [α-32P]ATP-DnaA was
prepared by incubation of apo-DnaA at 0 °C for 15 min in buffer containing 3
μM [α-32P]ATP, as previously described (6). [α-32P]ATP-DnaA (1 pmol) was then
incubated with various amounts of DNA or proteins, as indicated in the figure
legends, in 15 μL of buffer H [20 mM Tris•HCl (pH 7.5), 100 mM potassium
glutamate, 10 mMmagnesium acetate, 2 mM ATP, 8 mM DTT, and 100 μg/mL
BSA]. DnaA-bound nucleotides were recovered on nitrocellulose filters,
extracted with HCOOH, and analyzed by TLC, as previously described (18).

In Vitro Reactivation of ADP-DnaA by DARS1. In vitro reconstitution of DARS1
reaction was performed as previously described (31). Minichromosome
replication was performed using M13KEW101 and crude extracts, as pre-
viously described (31).

ChIP and Synchronization of Replication in Vivo. The procedures for ChIP and
replication synchronization were performed as previously described (40). For
details, see SI Material and Methods.
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