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Chromosomal replication is initiated from the replication ori-
gin oriC in Escherichia coli by the active ATP-bound form of
DnaA protein. The regulatory inactivation of DnaA (RIDA) sys-
tem, a complex of the ADP-bound Hda and the DNA-loaded
replicase clamp, represses extra initiations by facilitating DnaA-
bound ATP hydrolysis, yielding the inactive ADP-bound form
of DnaA. However, the mechanisms involved in promoting the
DnaA-Hda interaction have not been determined except for the
involvement of an interaction between the AAA+ domains of
the two. This study revealed that DnaA Leu-422 and Pro-423
residues within DnaA domain IV, including a typical DNA-
binding HTH motif, are specifically required for RIDA-depen-
dent ATP hydrolysis in vitro and that these residues support
efficient interaction with the DNA-loaded clamp-Hda complex
and with Hda in vitro. Consistently, substitutions of these resi-
dues caused accumulation of ATP-bound DnaA in vivo and
oriC-dependent inhibition of cell growth. Leu-422 plays a more
important role in these activities than Pro-423. By contrast, nei-
ther of these residues is crucial for DNA replication from oriC,
although they are highly conserved in DnaA orthologues. Struc-
tural analysis of a DnaA-Hda complex model suggested that
these residues make contact with residues in the vicinity of the
Hda AAA+ sensor I that participates in formation of a nucle-
otide-interacting surface. Together, the results show that func-
tional DnaA-Hda interactions require a second interaction site
within DnaA domain IV in addition to the AAA+ domain and
suggest that these interactions are crucial for the formation of
RIDA complexes that are active for DnaA-ATP hydrolysis.

The initiation of chromosomal replication is strictly con-
trolled to ensure that chromosomal DNA is replicated only
once per cell cycle in all cellular organisms. In Escherichia coli,
ATP-bound DnaA (ATP-DnaA), but not ADP-bound DnaA
(ADP-DnaA), forms a specific multimeric complex on the
chromosomal replication origin (oriC) to form an initiation
complex (1, 2). DiaA, a DnaA-binding protein that promotes
DnaA multimerization and subsequent duplex unwinding
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within oriC, facilitates formation of an open complex (3). DnaB
helicase is then loaded onto the unwound region, in a DnaA-
and DnaC-mediated manner, which expands the single-
stranded region to allow loading of DnaG primase and the DNA
polymerase III holoenzyme (4 —6). The holoenzyme consists of
subcomplexes of the core, clamp (3 subunit homodimer), and
clamp loader (DnaX complex). The clamp forms a ring-shaped
structure and is loaded onto the primed DNA by the DnaX
complex to tether the core on DNA during DNA synthesis.
Only the clamp remains on the nascent DNA after Okazaki
fragment synthesis, and the core and the DnaX complex are
recycled (4).

E. coli cells have at least four systems to prevent extra DNA
replication initiations (7, 8). The first is the timely sequestration
of oriC from ATP-DnaA by SeqA (9-12), the second is DnaA
titration by the chromosomal datA locus (13), and the third is
transcriptional regulation of the dnaA gene (14-16). The
fourth system is called regulatory inactivation of DnaA
(RIDA).> Here, a nucleoprotein complex consisting of the
DNA-loaded clamp and the ADP-bound Hda protein promotes
the hydrolysis of DnaA bound-ATP (DnaA-ATP) to yield inac-
tive ADP-DnaA (see Fig. 14) (17-19). The requirement for the
DNA-loaded clamp in RIDA ensures timely inactivation of
DnaA coupled with the progress of the chromosomal replica-
tion cycle (17, 20). The cellular level of ATP-DnaA increases
prior to initiation and decreases during chromosomal replica-
tion (21). Introduction of an hda-deficient mutant allele or a
RIDA-resistant dnaA mutant allele results in a higher level of
cellular ATP-DnaA and extra DNA replication initiations (18,
22-25).

The fundamental concept of RIDA, which provides clamp-
dependent feedback regulation of replication initiation, is con-
served in other bacteria and eukaryotes (8). In Bacillus subtilis,
which is evolutionarily distant from E. coli, the YabA protein, a
functional homologue of Hda, forms multimeric complexes
containing the cognate DnaA and clamp at replication forks
and represses extra DNA replication initiations (26-28). In
addition, HdaA, an Hda orthologue of Caulobacter crescentus,
colocalizes with the clamp, which results in the repression of
extra DNA replication initiations (29). Cdt1, a eukaryotic initi-

2The abbreviations used are: RIDA, regulatory inactivation of DnaA; AAA,
ATPases associated with a variety of cellular activities; DARS, DnaA-
reactivating sequence; SPR, surface plasmon resonance; NTA, nitrilotri-
acetic acid; MCM, minichromosome maintenance; AMPPCP, adenosine
5'-(B,y-methylene)triphosphate.
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ation protein, is required for formation of prereplicative com-
plexes at origin sites to load the MCM2-7 replicative helicase
(7). Cdtl protein is ubiquitylated for targeted degradation by
complexes of the DNA-loaded clamp (proliferating cell nuclear
antigen) and the E3 ubiquitin ligase cullin 4DNA damage-
binding protein 1 complex, thereby repressing reinitiation of
replication (30-32).

E. coli Hda harbors a conserved clamp-binding motif (QL(S/
D)LF) atits N terminus (33, 34) that is required for clamp bind-
ingand RIDA (34, 35). In addition to this motif, Hda contains an
AAA+ domain with the Walker-type nucleotide-binding motif
and several conserved amino acid sequence motifs (18, 36). Hda
AAA+ does not bind ATP but specifically and stably binds to
ADP to yield the activated monomeric form of Hda (19).

DnaA consists of four functional domains (1). The N-termi-
nal domain I interacts with several proteins, including DiaA and
DnaB (37-39). Domain I1 is a flexible linker (40, 41). Domain III
isan AAA+ domain that shares amino acid sequence similarity
with Hda (18, 36). The C-terminal domain IV is a DNA-binding
region that contains a helix-turn-helix motif (42—44). This
domain specifically binds to the 9-mer DnaA boxes that are
present at oriC, datA locus, and many other sites on the
chromosome.

A model of the RIDA intermediate complex in which DnaA
domain I interacts with the Hda-clamp complex, DnaA domain
IV interacts with the DNA flanking the clamp, and DnaA
domain Il interacts with the Hda AAA + domain was proposed
(20, 22, 34, 45). Several amino acid residues within the Hda
AAA+ Box VI and Box VII motifs, such as Hda Arg-153 (Arg
finger), Phe-118 (H-finger), and Asn-122 (E-finger), play a role
in DnaA-ATP hydrolysis and in the DnaA-Hda interaction (see
Fig. 1, B-D). In addition, DnaA Arg-334 within the AAA+ sen-
sor II motif is important for DnaA-intrinsic ATPase activity,
the Hda interaction, and DnaA-ATP hydrolysis in RIDA (22,
45). In a model of the DnaA-Hda complex, DnaA Arg-334
resides near the Hda AAA+ domain and the nucleotide-inter-
acting pocket of the DnaA AAA + domain (see Fig. 1, B-D) (22,
45). However, interactions between Hda and DnaA in the RIDA
system have not been identified except for those between the
AAA+ domains of the two (45). As only a limited region con-
taining the Hda Arg finger plays a crucial role in specific inter-
actions with DnaA domain III (45), a region in another DnaA
domain might also be required for sustaining strict specificity in
binding to Hda.

A structural model for a DnaA-Hda-DNA complex was con-
structed, and potential interactions between DnaA domain IV
and Hda were identified. DnaA Leu-422 and Pro-423 residues
within DnaA domain IV were required for RIDA activity and
interaction with Hda in vitro, which is consistent with the
results of in vivo analyses. By contrast, these amino acid resi-
dues did not play a crucial role in the process of DNA replica-
tion initiation. These findings suggest that cross-talk between
DnaA domain IV and the Hda AAA+ domain is required for
the formation of an active RIDA complex.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—The E. coli K12 derivatives
KH5402-1 (thyA) and WM433 (dnaA204) have been described
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previously (17, 22). YT411 (rnhA:cat), KA451 (dnaA:Tnl0
rnhA:cat), KA429 (rnhA:cat AoriC1071:Tn10), and KA450
(AoriC1071:Tnl0 dnaAl7 (Am) rnhA199 (Am)) are deriva-
tives of KH5402-1 (22). KP7364 (AdnaA::spec rnhA::kan) has
been described (17). The plasmids pKA234, pING1, M13E10,
M13KEW101, pBSoriC, pSN306, and pHSL99 were described
previously (22, 46). For the construction of pL422A, pL422G,
and pP423A plasmids, a base substitution was introduced into
the wild-type dnaA allele carried on pKA234 using a
QuikChange site-directed mutagenesis kit (Stratagene) using
pairs of mutagenic primers (for L4224, 5'-GAGCTGACTA-
ACCACAGCGCTCCGGAGATTGGCGATGCG-3' and its
complementary strand; for L422G, 5'-GAGCTGACTAACCA-
CAGTGGGCCCGAGATTGGCGATGCG-3' and its comple-
mentary strand; and for P423A,5'-GCGAAAGAGCTGACTA-
ACCACTCGCTAGCGGAGATTGGCGATGCG-3" and its
complementary strand). For the construction of pSNL422A,
pSNL422G, and pSNP423A plasmids, a base substitution was
introduced into the wild-type dnaA allele carried on pSN306 as
described above.

Purification of Mutant DnaA Proteins—Mutant DnaA pro-
teins were purified from KA450 cells bearing pL422A, pL422G,
or pP423A as described previously for wild-type and other
mutant DnaA proteins (39).

ATP and ADP Binding Assays—The ATP and ADP binding
activities of DnaA proteins were determined by a filter reten-
tion assay as described previously (39).

Reconstituted RIDA System—The reconstituted staged RIDA
assay was performed essentially as described previously (19).
First, the DNA-loaded clamps were isolated using a gel filtra-
tion spin column as described previously (34). Next,
[@-*?P]ATP-DnaA (0.25 pmol) was incubated at 30 °C for 20
min in the presence of 30 um ADP, 10 ng of the isolated DNA-
loaded clamps, and the indicated amounts of the C-terminal
hexahistidine-fused Hda (Hda-cHis) in RIDA buffer (12.5 ul)
containing 20 mm Tris-HCI (pH 7.5), 8 mm dithiothreitol, 8 mm
magnesium acetate, 0.01% Brij-58, 10% glycerol, 0.1 mg/ml
bovine serum albumin, and 120 mMm potassium glutamate.
Nucleotides bound to DnaA were recovered on a nitrocellulose
filter, separated by thin-layer chromatography, and quantified
by a BAS2500 imaging analyzer (Fujifilm).

Intrinsic ATPase Activity—The DNA-dependent intrinsic
ATPase activity of DnaA proteins was assessed as described
previously (34). Briefly, [a->*P]ATP-DnaA (0.5 pmol) was incu-
bated at 30 °C for the indicated time in RIDA buffer (25 ul)
containing 15 ng of $X174 replicative form Il DNA (4.3 fmol as
a circle). Nucleotides bound to DnaA were monitored by thin-
layer chromatography as described for the RIDA reaction.

DNA Binding Activity—The DNA binding activity of DnaA
proteins was determined by surface plasmon resonance (SPR)
analysis as described previously (46, 47). Binding of DnaA to
DnaA box was performed as described previously (46). For
analysis of DnaA binding to a nonspecific DNA, biotinylated
dsDNA bearing a sequence that has no specific affinity for
DnaA (48) was prepared by PCR using the primers 5’'-bio-TCC-
TTGAACTATATCGGGCAG-3' (where bio is biotin) and its
non-biotinylated complementary strand. This DNA (~500 res-
onance units) was immobilized on the sensor chip SA (Biacore)
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according to the manufacturer’s instructions. DnaA protein
was incubated on ice for 15 min in buffer containing 25 mm
Hepes-KOH (pH 7.5), 150 mM potassium acetate, 1 mM mag-
nesium acetate, 0.005% Surfactant P20 (Biacore), 0.1 mm ATP,
0.025 pg/ml poly(dA-dT)-poly(dA-dT), and 0.025 pg/ml
poly(dI-dC)-poly(dI-dC). A sample was injected into the Bia-
core X flow cells filled with the same buffer at 22 °C at a flow
rate 40 ul/min.

DnaA-Hda Interaction Using Pulldown Assay—The pull-
down assay was performed as described previously (45). Hda-
cHis (5 pmol) was incubated on ice for 15 min in 12.5 ul of
NP200-20 buffer containing 5 mm Tris-HCI (pH 7.5), 10% glyc-
erol, 200 mM potassium glutamate, 0.01% Brij-58, 8 mM 2-mer-
captoethanol, 8 mM magnesium acetate, and 20 mm imidazole
in the presence of 0.1 mm ADP and Co”>" -conjugated magnetic
beads (40 ug; Invitrogen) equilibrated with the same buffer.
The DNA-loaded clamps (1 pmol as the clamp) and the indi-
cated amounts of ATP-DnaA were included, and the mixture
was incubated on ice for 10 min. The beads and bound proteins
were collected and washed with NP200-20 buffer (25 ul). Pro-
teins were eluted in 3 ul of NP200-1000 buffer (the same as
NP200-20 except for 1 m imidazole) and analyzed by SDS-12%
PAGE and silver staining. Band intensities were measured with
Image] software.

DnaA-Hda Interaction Using SPR Analysis—The Hda bind-
ing activity of DnaA proteins was determined by SPR analysis
using an NTA sensor chip (Biacore). Buffers used for this anal-
ysis were as follows: (i) regeneration buffer (10 mm Hepes-KOH
(pH 8.3), 150 mm NaCl, 350 mm EDTA, and 0.005% Surfactant
P20; (ii) wash buffer (10 mm Tris-HCI (pH 7.6), 300 mm NaCl, 1
mMm EDTA, and 0.05% SDS; (iii) nickel buffer (10 mm Hepes-
KOH (pH 7.6), 150 mm NaCl, 50 um EDTA, 0.01% Brij-58, and
5 mm NiCl,; and (iv) eluent buffer (10 mm Hepes-KOH (pH 7.6),
150 mM potassium acetate, 5 mM magnesium acetate, 50 um
EDTA, 0.01% Brij-58, 8 mm 2-mercaptoethanol, and 0.1 mm
ADP). All reactions were performed at 20 °C. The sensor chip
contained two flow cells, and one flow cell was used as a refer-
ence cell with the N-terminal hexahistidine-fused green fluo-
rescent protein (His-GFP). After washing with regeneration
buffer and wash buffer, the NTA surface was saturated with
Ni** by loading nickel buffer into the two flow cells at a flow
rate of 20 ul/min for 30 s. Hda-cHis and His-GFP proteins were
each injected into one of the flow cells in eluent buffer at 2
pl/min until 2500 resonance units was obtained. DnaA protein
was diluted in eluent buffer without ADP and with 0.1 mm ATP.
Using the KInject command, samples containing DnaA protein
were injected at 20 ul/min. The association time was 210 s, and
the dissociation time was 420 s.

In Vitro Minichromosome Replication Systems—The DnaA-
dependent replication assay using the minichromosome
M13E10 replicative form I DNA and a protein extract prepared
from WM433 was performed as described previously (22). The
reconstituted replication assay using the minichromosome
pBSoriC replicative form I DNA and purified DNA replication
proteins was also performed as described previously (46).

PI Nuclease Assay for Open Complex Formation—The P1
nuclease assay was performed as described previously (39).
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In Vivo Analysis of Nucleotide-bound DnaA Forms—This in
vivo analysis was performed as described previously (22). Cells
were grown at 37 °C in a phosphate labeling medium containing
0.4 mCi/ml [**P]orthophosphate until the A, of the culture
reached 0.2 and then further incubated at the same tempera-
ture for 90 min in the presence of 1 mwm isopropyl B-p-(—)-
thiogalactopyranoside. Cleared lysates (750 ul) from aliquots (2
ml) of the culture were prepared and mixed with anti-DnaA
antiserum (5 ul) that had been preincubated on ice for 30 min in
a cleared lysate (60 ul) of KP7364. Protein A-Sepharose (60 ul;
50% slurry) was added, suspended at 4 °C for 30 min, and
washed repeatedly in chilled buffers. After removal of the final
washing solution, immunoprecipitates were extracted in a
solution (20 wl) containing 1 M HCOOH and 5 mm each ATP,
ADP, and AMP. Radiolabeled nucleotides were separated
using thin-layer chromatography and quantified using an
imaging analyzer.

RESULTS

Construction of Structural Model for DnaA Domains IlI-
IV-Hda-dsDNA Complex—To identify a novel region required
for the DnaA-Hda interaction, a homology model of the E. coli
DnaA domains III-IV-Hda complex was constructed using the
Aquifex aeolicus AMPPCP-DnaA oligomer structure as a start-
ing point (Fig. 1, B and C) (49). The resulting model was con-
sistent with the results of our previous analysis of the DnaA
domain III'Hda complex structure that suggested specific inter-
actions between Hda Arg-153 Arg finger and DnaA-bound
ATP, between Hda Ser-152 and DnaA Arg-334 Arg finger, and
between Hda Phe-118 and the DnaA Walker B motif (Fig. 1, B
and D) (45). After consideration of the structure of E. coli DnaA
domain IV complexed with DnaA box DNA (43), dsDNA was
arranged to bind specifically with DnaA domain IV.

The resulting model showed that DnaA Leu-422 and Pro-423
residues within DnaA domain IV would reside on an interface
with the Hda AAA+ domain (Fig. 1, B-D). These residues are
located in the L3 loop and a4 helix of the DnaA domain IV
structure (43), and could interact with a downstream Hda sen-
sor I motif, including Hda Arg-138, GIn-142, and Asn-144
residues.

DnaA L422A/G and P423A Are Insensitive to RIDA—To
determine whether DnaA Leu-422 and Pro-423 play an impor-
tant role in RIDA, we substituted those amino acid residues
with alanine. DnaA Leu-422 was also substituted with glycine
because glycine is generally considered to be more effective in
causing functional change than alanine. Using methods similar
to those for wild-type DnaA, DnaA L422A, L422G, and P423A
mutant proteins were overproduced in a dnaA-null host strain
and purified to >90% purity as judged by SDS-PAGE and Coo-
massie Brilliant Blue staining (Fig. 24). Mutant protein binding
activities for ATP and ADP were comparable with those of
wild-type DnaA (Fig. 2B).

To determine the sensitivity of DnaA mutant proteins to
RIDA in vitro,a RIDA assay using a reconstituted staged system
was used. The DNA-loaded clamps were isolated by gel filtra-
tion and incubated in the presence of [a-**P]ATP-DnaA and
Hda. The results indicated that, unlike wild-type DnaA, DnaA
L422A and L422G were not sensitive to RIDA (Fig. 2C). The
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FIGURE 1. Structural model of Hda:-DnaA domains IlI-IV-dsDNA complex.
A, a simplified RIDA model. ATP-DnaA, the initiation-active form, is hydro-
lyzed by Hda complexed with the DNA-loaded clamp during DNA replication,
yielding the inactivated ADP-DnaA, which results in repression of extra DNA
replication initiations. Hda (purple), clamp (yellow), ATP-DnaA (red), and ADP-
DnaA (blue) are indicated. Pi, inorganic phosphate. B, a structural model of
E. coli DnaA domain lll (DnaA D.IIl) was obtained from SWISS-MODEL Work-
space using an AMPPCP-bound DnaA structure (Protein Data Bank code
2HCB). Crystal structures of E. coli DnaA domain IV (DnaA D.IV) and a 12-mer
dsDNA were obtained from the Protein Data Bank (codes 1J1V and 1D28,
respectively). A DnaA domain IV-dsDNA complex was constructed using the
structure of an E. coli DnaA domain IV-DnaA box complex. A structural model
of E. coli Hda was obtained from SWISS-MODEL Workspace using an S. ama-
zonensis Hda structure (Protein Data Bank code 3BOS). The Hda (purple)-DnaA
domain Il (red)-domain IV (pink)-dsDNA (green) complex model was con-
structed using the AMPPCP-bound DnaA oligomer structure with MolFeat
software (FiatLux). The indicated amino acid residues and AMPPCP are shown
as ball-and-stick models. The Hda Arg finger (Arg-153) and AMPPCP are red
and gray, respectively. Hda Phe-118, Asn-122, and DnaA sensor Il Arg-334
residues are cyan. Hda Arg-138, GIn-142, and Asn-144 residues are yellow.
DnaA Leu-422 and Pro-423 residues are blue. The clamp-binding motif (CB) of
Hda is light green. C, schematic representation of B. DnaA AAA+-Hda AAA+
interaction and DnaA domain IV-Hda AAA+ interaction regions are indicated.
The DnaA Walker B (WB) motif is brown. The Hda sensor | (S. /) motif, including
Hda Arg-138, GIn-142, and Asn-144 residues, is yellow. D, a close-up represen-
tation of the interaction of DnaA-Hda amino acid residues as given in B.

sensitivity of DnaA P423A to RIDA was decreased (Fig. 2C).
Thus, the DnaA Leu-422 residue was crucial for RIDA in vitro.
However, the three mutant proteins had intrinsic DNA-depen-
dent ATPase activity levels that were similar to that of wild-type
DnaA (Fig. 2D). These results suggested that DnaA Leu-422
and Pro-423 residues specifically functioned in RIDA-specific
DnaA-ATP hydrolysis.

To determine whether DnaA mutant proteins interact with
the DNA-loaded clamp-Hda complex, a RIDA reaction compe-
tition assay was performed (45). A small amount of the DNA-
loaded clamps was incubated with [a->’P]JATP-DnaA, high
amounts of Hda, and the indicated amounts of non-radiola-
beled competitor wild-type or mutant ATP-DnaA. The com-
petitive inhibition of the RIDA reaction caused by DnaA L422A
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and L422G was less than that caused by wild-type DnaA (Fig.
2E). DnaA P423A inhibited the reaction moderately, but this
was still less than the inhibition caused by wild-type DnaA.
These results suggested that DnaA Leu-422 and Pro-423 resi-
dues functioned in DnaA interaction with the DNA-loaded
clamp-Hda complex.

DNA Binding Activities of DnaA Mutants—DnaA domain IV
is a DNA-binding region that has a high affinity for the DnaA
box. In the co-crystal structure reported previously (43),
DnaA Leu-422 and Pro-423 residues interact with a 13-mer
dsDNA fragment (5'-TGTTATCCACAGG-3’) containing the
DnaA box R1 (bold). In that structure, the main chain NH
group of Leu-422 is thought to interact with the phosphate
group of T (T11) that is a complementary base to the 11th A (in
the 13-mer shown above). The side chain of Pro-423 is postu-
lated to interact with the methyl group of T11 by van der Waals
force. In addition, the "H-'>N heteronuclear single quantum
correlation spectrum of DnaA domain IV in NMR shows a
prominent chemical shift perturbation on Leu-422 in the pres-
ence of the DnaA box (50). Thus, to determine whether the
mutant proteins are affected in their affinities for the DnaA box,
they were analyzed with 21-mer dsDNA fragments containing
the DnaA box R1 or a nonspecific DNA sequence (nonsense
DNA) as a control using SPR.

These results showed that L422G and P423A mutant pro-
teins bound the DnaA box with kinetics similar to the binding
observed with wild-type DnaA (Fig. 34, C, and D). DnaA L422A
had a slightly reduced affinity (Fig. 3B), which was consistent
with the data of NMR analysis (50). The sustained binding
activity of DnaA L422A/G mutant proteins might be caused by
the interaction of the Leu-422 main chain (but not the side
chain) with the DnaA box. The activity of Pro-423 could be
complemented by the substitution of alanine bearing a side
chain. Otherwise, the small contribution of Pro-423 to DnaA
box binding could be explained by specific interactions sup-
ported by van der Waals force.

RIDA is dependent on the clamps loaded on duplex DNA
(20), but a specific DNA sequence is not required. Using SPR
analysis, the affinity of the DnaA mutants for a nonspecific
DNA sequence was determined. Given that DnaA binding to
nonspecific DNA is weaker than its binding to DnaA box DNA
(48), large amounts of nonsense DNA (21-mer) were immobi-
lized on a sensor chip. Wild-type DnaA protein (9-150 nm)
showed a dose-dependent increase in binding to nonsense
DNA (Fig. 3E). When analyzed using an intermediate concen-
tration (75 nM), the resonance patterns of DnaA mutant pro-
teins were similar to those of wild-type DnaA (Fig. 3F). Taken
together, the nonspecific DNA binding activity of DnaA
mutants supports the idea that the RIDA insensitivity of DnaA
mutants was not due to a decrease in their affinity for DNA.
These results are consistent with the model (Fig. 1, Band D) and
the results of NMR analysis (50), which show that these amino
acid residues make no contact with nonspecific DNA.

Hda Binding Activities of DnaA Mutants—To more quanti-
tatively analyze the DnaA interaction, pulldown assays using
His-tagged Hda and Co”*-conjugated magnetic beads were
performed. In this assay, DnaA is recovered in an ADP-Hda
dose-dependent manner in the presence of the DNA-loaded
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FIGURE 2. Analysis of DnaA mutant proteins and RIDA activity. A, purified wild-type and mutant DnaA proteins (500 ng) were stained with Coomassie
Brilliant Blue after SDS-PAGE. B, the affinity of DnaA for ATP or ADP was determined using DnaA (2 pmol) and afilter retention assay. K, and stoichiometry
were calculated by Scatchard plot. C, DnaA-ATP hydrolysis was assessed using a staged RIDA reconstituted system. [a->?PJATP-DnaA (0.25 pmol) was
incubated at 30 °C for 20 min in buffer containing the indicated amounts of Hda protein in the presence or absence of the DNA-loaded clamps (10 ng).
The ratio of ADP-DnaA to total ATP-/ADP-DnaA is shown as a percentage. D, intrinsic ATPase activity. [@->*2P]ATP-DnaA (0.5 pmol) was incubated at 30 °C
for the indicated time in the presence or absence of $X174 DNA (15 ng). E, DnaA competition assay in RIDA. [a->?P]ATP-DnaA (0.25 pmol) was incubated
at 30 °Cfor 20 min in buffer containing the DNA-loaded clamps (0.4 ng) and the indicated amounts of wild-type or mutant DnaA proteins in the presence

or absence of Hda (0.55 pmol).

clamps (19). Binding specificity is supported by the data show-
ing that DnaA R334A (AAA+ sensor II) and Hda Q6A (the
clamp-binding site) mutants (which are defective in Hda inter-
action and clamp binding, respectively) severely reduce the
recovery of DnaA in these assays (45) (Fig. 44). When DnaA
L422A/G proteins were similarly assessed, the recovery of these
mutants was severely reduced compared with wild-type DnaA
(Fig. 4A), suggesting that the DnaA Leu-422 residue is crucial
for Hda interaction. The residual binding of these mutants was
10-20% of wild-type DnaA-binding, which can be explained by
possible interactions between AAA+ domains of DnaA and
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Hda. The recovery of DnaA P423A was roughly 50% of that of
the wild-type DnaA (Fig. 4A). Notably, these results are consist-
ent with the results showing that RIDA sensitivities of DnaA
L422A/G and P423A are 10—15% and about 50% of that of the
wild-type DnaA, respectively (Fig. 2C). Thus, these results are
effective for quantitative understanding of DnaA domain IV-
dependent interactions with Hda.

Next, SPR analysis was used to determine direct binding
modes of wild-type and mutant DnaA proteins to Hda. His-
tagged Hda and His-tagged GFP (used as a background control)
were separately bound to a nickel-NTA-coated chip. The
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FIGURE 3. DNA binding activities of DnaA mutant proteins. A-D, DnaA box
binding activity. Affinities for the DnaA box of wild-type DnaA (A), DnaA
L422A (B), DnaA L422G (C), and DnaA P423A (D) were determined by SPR
analysis. Concentrations of DnaA proteins used were 2.5, 5.0, 10, 25,and 75 nm
for all experiments. K, values were calculated by curve fitting of the sensor-
grams to a theoretical 1:1 interaction model (Langmuir binding). RU, reso-
nance units. E and F, nonsense DNA binding activity. Affinity for a nonsense
DNA was measured by SPR analysis using wild-type DnaA at concentrations
0f 9.0, 19, 38, 75, and 150 nm (E). Affinities of DnaA mutant proteins were also
compared with those of wild-type DnaA at 75 nm (F).

DnaA-Hda interaction was detected when the concentration of
wild-type DnaA was 12.5-100 nM (Fig. 4B). Because the reac-
tion was not saturated even at 100 nm DnaA, precise kinetic
parameters could not be calculated. Thus, in agreement with
the pulldown data, the direct binding of DnaA to Hda is prob-
ably weak in the absence of DNA-loaded clamps. At 50 nm
(within the linear range for the reaction), DnaA L422A and
L422@G exhibited reduced Hda binding activity relative to that
of wild-type DnaA (Fig. 4C). The affinity of DnaA P423A was
moderately reduced (Fig. 4C), which was consistent with the
RIDA activity data (Fig. 2C). Therefore, Leu-422 and Pro-423
residues had significant and specific roles in the direct DnaA-
Hda interaction.

Residual activities of DnaA L422A/G and P423A in Hda
binding (Fig. 4, A and C) can be explained by direct interactions
between the AAA+ domains of DnaA and Hda. Previous stud-
ies show that specific binding of DnaA to Hda requires several
amino acid residues within the AAA+ domains of both Hda
and DnaA, including Hda Phe-118 (H-finger), Asn-122 (E-fin-
ger), Arg-153 (Arg finger), and DnaA Arg-334 (sensor II) (Fig. 1,
B-D) (34,45). These interactions as well as possible nonspecific
interactions conceivably cause the low levels of binding activity
between DnaA and Hda even in the absence of DNA-loaded
clamps. The DnaA Leu-422/Pro-423-mediated interaction
might assist or regulate the functional interactions of these res-
idues (see “Discussion”).
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FIGURE 4. Hda binding activity of DnaA mutant proteins. A, Co?*-conju-
gated beads were incubated on ice in buffer containing (+) or excluding (—)
5 pmol of Hda-cHis or Hda Q6A-cHis (Q6A) in the presence of ADP followed by
incubation on ice for 10 min in the presence of the DNA-loaded clamps (1
pmol as the clamp) and the indicated amounts of the wild-type (WT) and
mutant ATP-DnaA proteins (L422A, L422G, and P423A). Bead-bound materi-
als were isolated and analyzed by SDS-PAGE and silver staining. The DnaA
bands were quantified by ImageJ software, and the recovered amounts were
determined using a standard curve. B, Hda binding activity of wild-type DnaA
was measured by SPR analysis using DnaA concentrations of 12.5, 25, 50, and
100 nMm. RU, resonance units. C, Hda binding activities of DnaA mutant pro-
teins were also compared with those of wild-type DnaA at 50 nm.
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DnaA Mutants Are Active in Minichromosome Replication
and Formation of Initiation Complexes and ADP Release—The
function of the mutant proteins during replication initiation at
oriC in vitro was first characterized using an in vitro DnaA
complementation system with a crude protein extract and an
oriC plasmid. The replication activity and its ATP-dependent
regulation of DnaA L422A and P423A were similar to those of
wild-type DnaA (Fig. 5A4). DnaA L422G exhibited a slightly
higher replication activity than wild-type DnaA (Fig. 5A) that
might have been caused by inhibition of RIDA activity con-
tained in the crude extract (17). Next, we used a reconstituted
replication system using purified replication proteins and
found that DnaA 1L422G and P423A had replication activities
that were similar to those of the wild type (Fig. 5B). DnaA
L422A had reduced replication activity (Fig. 5B), reflecting the
decreased DnaA box binding activity of this protein (Fig. 3B).

Open complex formation was assessed using an oriC plasmid
and P1 nuclease, which specifically cleaves single-stranded
DNA. If the oriC-unwinding region on the plasmid were
cleaved by P1 nuclease, subsequent digestion with AIwNI
restriction enzyme would produce two DNA fragments of 3.8
and 4.1 kb (39). The results indicated that, like wild-type DnaA,
DnaA L422G and P423A were active and regulated in an ATP
binding-dependent manner during open complex formation
(Fig. 5C). DnaA L422A exhibited a slightly reduced activity rel-
ative to wild-type DnaA (Fig. 5C) consistent with the results of
the reconstituted replication assay (Fig. 5B). These results sug-
gested that the DnaA mutants were active in the DNA replica-
tion initiation process, including formation of initial complexes
and DnaB helicase loading on oriC.

The inactive ADP-DnaA yielded by RIDA is reactivated to
ATP-DnaA by the nucleotide exchange activity of DnaA-reac-
tivating sequences (DARS1 and -2) on the chromosome that are
required for timely DNA replication initiation during the cell
cycle (51). DARSs bear a DnaA box cluster promoting forma-
tion of a specific DnaA multimer and dissociation of ADP
bound to DnaA (51). DnaA L422A/G and P423A proteins were
substantially active in the DARS1-dependent DnaA-ADP dis-
sociation in vitro (data not shown). The combined results sup-
port the proposed function of DnaA Leu-422 and Pro-423 res-
idues specifically in RIDA-dependent DnaA-ATP hydrolysis.

DnaA L422A/G and P423A Proteins Inhibit Cell Growth—
Certain dnaA mutants, such as dnaAcos and dnaA29 (R334A),
are inactive in RIDA and cause oriC-dependent overinitiation
of chromosomal replication, resulting in inhibition of cell
growth and colony formation (22, 52, 53). In the absence of
rnhA, an alternative oriC-independent replication system oper-
ates that allows cells without oriC to grow even in the presence
of overinitiating dnaA mutant alleles (18, 22, 52, 54). To inves-
tigate in vivo RIDA activity of DnaA L422A/G and P423A, we
asked whether these DnaA mutants exhibit oriC-dependent
inhibition of colony formation (Table 1). Introduction of the
dnaA L422A/G and P423G mutant alleles on a pINGI1 (vector)
derivative inhibited or impeded colony formation when the
host cells (KH5402-1, YT411, and KA451) were active for chro-
mosomal replication from oriC even in the absence of rnhA
(Table 1). In particular, colony formation was severely inhibited
in the chromosomal dnaA-disrupted cells (KA451), indicating
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FIGURE 5. Replication and oriC unwinding activities of DnaA mutant pro-
teins. A and B, DnaA activities in replication initiation were assessed using
minichromosome replication systems using a crude protein fraction (A) and
purified replicative proteins (B). The indicated amounts of the ATP- or ADP-
bound forms of wild-type and mutant DnaA proteins were incubated at 30 °C
for 20 (A) or 30 min (B). G, oriC unwinding activity. The indicated amounts of
the ATP- or ADP-bound forms of wild-type and mutant DnaA proteins were
incubated at 38 °C for 3 min in buffer containing M13KEW101 oriC plasmid
(7.9 kb) and HU protein followed by further incubation with P1 nuclease. The
resultant DNA was purified, digested with AlwNI, and analyzed using 1% aga-
rose gel electrophoresis and ethidium bromide staining. The amounts of 3.8-
and 4.1-kb fragments detected were normalized to the amount of total DNA
and were plotted as an open complex (%).
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TABLE 1
oriC-dependent inhibition of DnaA mutant colony formation

Cells were transformed with pING1 (vector), pKA234 (wild-type dnaA), pL422A (dnaA L422A), pL422G (dnaA L4222G), and pP423A (dnaA P423A) and incubated at 37 °C
for 15 h (for KH5402-1 and YT411) or for 30 h (for KA451, KA429, and KA450) on LB medium containing thymine and ampicillin. The growth rate of oriC- and/or
dnaA-disrupted cells (i.e. KA451, KA429, and KA450) was about 90 min under these conditions, whereas that of KH5402-1 and YT411 cells was about 40 min. Colonies with
a diameter of >~0.5 mm were counted. Transformation frequencies are indicated as values relative to that of pING1 (vector). Transformation efficiencies of the indicated

strains by pING1 were 10°~10° cells/ug of DNA. A, del-1017; Am, amber mutation.

Genotype Relative transformation frequency
Strain rnhA dnaA oriC PING1 (vector) pKA234 (WT) pL422A (L422A) pL422G (L422G) pP423A (P423A)
KH5402-1 + + + 1.0 0.84 <1.7X10°° <1.7X10°3 4.7 x 102"
YT411 cat + + 1.0 1.1 <4.4 X 1073 <4.4 X 1073 <4.4 X107
KA451 zcat =Tnl0 + 1.0 2.5 <88 X103 <88 X103 <8.8 X103
KA429 ucat + A 1.0 2.4 1.6 3.0 0.65
KA450 Am Am A 1.0 0.94 0.64 0.36 0.73

“ Colonies formed were tiny and heterogeneous.

that the inhibition was caused only by expression of the mutant
dnaA alleles but not by co-expression of the wild-type and
mutant dnaA alleles.

By contrast, introduction of those alleles did not inhibit col-
ony formation when the host cells lacked oriC in the absence of
rnhA (KA429 and KA450) (Table 1). In addition, expression
levels of wild-type and mutant DnaA proteins in KA450 were
comparable (supplemental Fig. 1), suggesting that the inhibi-
tion of colony formation was not due to simple overexpression
of the mutant proteins.

These results suggested that DnaA L422A, 1422G, and
P423A mutant proteins specifically affected DNA replication
initiation at oriC and were consistent with the idea that the
mutants promoted overinitiation in vivo due to a specific defect
in RIDA. The dnaA P423A mutant inhibited cell growth at a
level that was moderate compared with that caused by dnaA
L422A/G. This observation was also consistent with the
reduced activity of this allele in RIDA in vitro.

Even when the incubation time after transformation of cells
was extended to 20 h, colony formation efficiency of KH5402-1
bearing pL422A or pL422G was only 5% of that by pKA234, and
even the colonies that were formed contained cells that could
not form new colonies (data not shown). Colony formation of
KH5402-1 bearing pP423A was also inhibited (Table 1); cells in
the colonies could grow but only at a 2-fold slower rate com-
pared with KH5402-1 cells bearing pING1 or pKA234 (data not
shown).

dnaA L422A/G and P423A Mutants Promote Accumulation
of ATP-DnaA—1In cultures of wild-type cells, the ATP-bound
form of DnaA represents 10 —20% of the total ATP/ADP-DnaA
content (21, 22). As constitutive expression of the mutant genes
inhibits the growth of KH5402-1 host cells (Table 1), controlled
expression of the mutant alleles was achieved by placing them
downstream of the lac promoter on a pBR322 derivative in lacl?
cells. To assess the relative ratio of ATP/ADP forms of the
mutant DnaA proteins in vivo, cells were grown in a synthetic
medium containing [*’P]orthophosphate. DnaA protein was
isolated by immunoprecipitation, and the nucleotides bound to
the protein were analyzed by thin-layer chromatography (22).

When DnaA L422A expression was induced for 90 min in the
presence of 1 mm isopropyl B-b-(—)-thiogalactopyranoside, the
proportion of ATP-DnaA increased from 21 to 61% (Fig. 6).
Similarly, the levels of the ATP forms of DnaA L422G and
P423A increased from basal levels to 70 and 53%, respectively,
in the presence of isopropyl B-p-(—)-thiogalactopyranoside
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FIGURE 6. Levels of ATP-DnaA in mutants. KH5402-1 bearing pHSL99 (/acl?)
was used as the host strain for plasmids pSN300 vector (None), pSN306
bearing wild-type dnaA (WT), pSNL422A bearing dnaA L422A (L422A),
pSNL422G bearing dnaA L422G (L422G), or pSNP423A bearing dnaA P423A
(P423A). Cells were grown at 37 °C in supplemented TG medium containing
[*?PJorthophosphate until the A, of the culture was 0.2 and then incubated
at the same temperature for 90 min in the presence (+) or absence (—) of 1
mm isopropyl B-p-(—)-thiogalactopyranoside (IPTG). Aliquots of the cultures
were withdrawn, and nucleotide-bound DnaA proteins were recovered by
immunoprecipitation using anti-DnaA antiserum. The results of polyethyleni-
mine-cellulose thin-layer chromatography to analyze DnaA-bound nucleo-
tides are shown. The origin and migration positions of ATP and ADP are indi-
cated by arrows. The ratio of ATP-DnaA to total ATP-/ADP-DnaA is shown as a
percentage (ATP-DnaA (%)).

(Fig. 6). However, induction of the wild-type protein was not
associated with an increase in the level of ATP-DnaA (Fig. 6),
which is consistent with previous data (22). These results sug-
gested that the mutant proteins were defective in RIDA in vivo.

DISCUSSION

A structural model of the Hda:DnaA domains III-IV-DNA
complex was used to ascertain amino acid residues within
DnaA domain IV that specifically interact with Hda. Mutant
analyses revealed that DnaA Leu-422 and Pro-423 residues are
important for RIDA-dependent ATP hydrolysis, formation of a
complex with the DNA-loaded clamp+Hda complex, and Hda
interaction (Figs. 2 and 4). Consistently, these amino acid resi-
dues were found to be required for DnaA-ATP hydrolysis in
vivo (Fig. 6 and Table 1). These mutants were not defective in
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A

B A structural model for the active
RIDA complex

dsDNA ]

Ca possible structure of the inactive
complex formed on DnaA box

DnaA box

FIGURE 7. Model for interaction of DnaA domain IV with Hda in presence of DnaA box. A, a close-up representation of a homology model for the Hda
(purple):DnaA domains lIl (red)-IV (pink) complex with the DnaA box DNA (orange). A structure for DnaA domain IV-DnaA box complex was obtained from the
protein data bank (Protein Data Bank code 1J1V). The indicated amino acid residues and AMPPCP are shown as ball-and-stick models. The Hda Arg finger
(Arg-153) and AMPPCP are red and gray, respectively. Hda Arg-138, GIn-142, and Asn-144 residues are yellow, and DnaA Leu-422 and Pro-423 residues are blue.
Band C, models for interaction modes of DnaA and Hda on the DNA-loaded clamp in the absence (B) and presence (C) of a DnaA box. DnaA domains (I-1V), Hda
domains (clamp-binding (CB) and AAA+ domains), and the clamp are indicated in different colors. Red arrowhead, the Hda Arg finger; yellow arrowhead, the
Hda sensor I region, including Arg-138, GIn-142, and Asn-144; gray circle, ATP; blue arrowhead, the DnaA region, including Leu-422 and Pro-423. Nonsense DNA
and DnaA box DNA are shown as green and an orange rectangles, respectively.

the initiation of DNA replication, DARS-dependent reactiva-
tion of DnaA in vitro, or intrinsic AT Pase activity of DnaA (Figs.
2D and 5). Leu-422 and Pro-423 residues in the DNA-binding
domain of DnaA are crucial for functional interactions with
Hda during RIDA, although DnaA Ser-421, which is adjacent to
Leu-422, might make contact with the DnaA AAA+ domain of
the adjacent protomer in a DnaA homomultimer (55). Taken
together with the results of earlier analyses (22, 34, 45), we
suggest that Hda interacts with two DnaA sites, one in domain
III and the other in domain IV. This explains specific DnaA-
Hda interactions that have low binding affinity but require
strict specificity for DnaA-ATP hydrolysis.

C. crescentus HdaA (29) and Shewanella amazonensis Hda (56),
orthologues of E. coli Hda, are thought to function in the hydroly-
sis of ATP-DnaA like E. coli Hda. Some other bacterial species also
have Hda homologues with amino acid sequence similarity to
E. coli Hda (45). In the DnaA homologues of these species, the
amino acid residues that correspond to E. coli DnaA Leu-422 and
Pro-423 are highly conserved (data not shown) (57). Hence, the
proposed interaction and regulation models might apply to other
bacterial species that possess an Hda orthologue.
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The proposed structural model indicates that DnaA Leu-
422 and Pro-423 residues are located near the Hda sensor I
motif (Ser-127 to Pro-140) (Fig. 1, B-D). In particular, Hda
Arg-138, GIn-142, and Asn-144 residues might be exposed
on the surface of Hda and be able to interact with DnaA
Leu-422 and Pro-423. The sensor I motif of AAA+ chaper-
ones, such as Saccharomyces cerevisiae Hsp104 and the p97/
valosin-containing protein-like ATPase from Thermo-
plasma acidophilum, play a specific role in catalyzing ATP
hydrolysis (58 -60). In addition, the Arg finger (Arg-153)
and its spatially neighboring residues in Hda play a crucial
role in RIDA and the interaction with ATP-DnaA (most
likely with ATP itself and the ATP-binding Walker B motif
(34, 45)). Thus, it is plausible that the interaction between
DnaA Leu-422/Pro-423 and the areas near Hda sensor I in
addition to that between ATP-DnaA domain IIT and the Hda
Arg finger supports a specific conformation of the
DnaA-Hda complex that allows DnaA-ATP hydrolysis (Fig.
7B). The interactions might indirectly promote a conforma-
tional change of the Hda Arg finger, thereby affecting DnaA-
ATP hydrolysis and the affinity of the two proteins.
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The x-ray and NMR analyses of the DnaA domain I[V-DnaA
box DNA complex show that DnaA Leu-422 is involved in spe-
cific binding to the DnaA box DNA (43, 50). In the crystal struc-
ture, the main chain of Leu-422 also interacts with a phosphate
group of the DnaA box DNA, which is mediated by DNA bend-
ing at 28° (Fig. 7A) (43). Thus, substitution of the side chain of
the Leu residue still allowed DnaA box binding activity (Fig. 3, B
and C). DNA bending by DnaA binding to the DnaA box is also
observed in solution (48). A model in which the DnaA box DNA
acts as a physical obstacle that inhibits the interaction between
DnaA Leu-422/Pro-423 residues and the surface of the Hda
AAA+ domainis proposed (Fig. 7, A and C). In fact, ATP-DnaA
molecules are hydrolyzed by RIDA in vivo, and ~20% (200 —
400 molecules) of 1000-2000 DnaA molecules present in the
cell are present as ATP-DnaA (21). This could be explained if
ATP-DnaA molecules bound to the DnaA box DNA are insen-
sitive to RIDA in vivo. There are ~300 DnaA boxes on the
E. coli chromosome (61). Maintaining a basal level of ATP-
DnaA may be relevant to efficient origin firing in the next round
of replication initiation and ATP-DnaA-specific transcrip-
tional regulation of genes like dnaA and the nrd operon (47, 62).

There are examples where a DNA-binding region in a pro-
tein plays a role in protein-protein interactions other than DNA
binding. The DNA-binding region of Cdc6, a replication-li-
censing factor in eukaryotic and archaeal cells, interacts with
and regulates the MCM helicase (63, 64). Additionally, the
DNA-binding regions of OmpR and PhoB, which are transcrip-
tional regulators in E. coli, are suggested to contain an interac-
tion site for a subunit of RNA polymerase and to regulate
directly RNA polymerase activity (65, 66). The protein-protein
interaction on a DNA-binding region may function for the
direct recognition of conformational changes within the region
induced by DNA binding. In the RIDA reaction, DnaA domain
IV likely interacts with the clamp-loaded DNA to form an active
RIDA complex (20). The cross-talk between the Hda AAA+
domain and DnaA Leu-422/Pro-423 within domain IV may
serve to allow Hda to recognize the interaction of DnaA domain
IV with the clamp-loaded DNA.
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