THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 49, pp. 34201-34210, December 4, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Rapid Exchange of Bound ADP on the Staphylococcus aureus
Replication Initiation Protein DnaA”

Received for publication, August 28, 2009, and in revised form, October 9, 2009 Published, JBC Papers in Press, October 19, 2009, DOI 10.1074/jbc.M109.060681
Kenji Kurokawa*', Hikaru Mizumura*?, Tohru Takaki**, Yumiko Ishii*’, Norikazu Ichihashi**, Bok Luel Lee®,

and Kazuhisa Sekimizu®

From the *Laboratory of Microbiology, Graduate School of Pharmaceutical Sciences, The University of Tokyo,
Tokyo 113-0033, Japan and the SNational Research Laboratory of Defense Proteins, College of Pharmacy, Pusan National

University, Busan 609-735, Korea

In Escherichia coli, regulatory inactivation of the replication
initiator DnaA occurs after initiation as a result of hydrolysis of
bound ATP to ADP, but it has been unknown how DnaA is con-
trolled to coordinate cell growth and chromosomal replication
in Gram-positive bacteria such as Staphylococcus aureus. This
study examined the roles of ATP binding and its hydrolysis in
the regulation of the S. aureus DnaA activity. In vitro, S. aureus
DnaA melted S. aureus oriC in the presence of ATP but not ADP
by a mechanism independent of ATP hydrolysis. Unlike E. coli
DnaA, binding of ADP to S. aureus DnaA was unstable. As a
result, at physiological concentrations of ATP, ADP bound to S.
aureus DnaA was rapidly exchanged for ATP, thereby regener-
ating the ability of DnaA to form the open complex in vitro.
Therefore, we examined whether formation of ADP-DnaA par-
ticipates in suppression of replication initiation iz vivo. Induc-
tion of the R318H mutant of the AAA + sensor 2 protein, which
has decreased intrinsic ATPase activity, caused over-initiation
of chromosome replication in S. aureus, suggesting that forma-
tion of ADP-DnaA suppresses the initiation step in S. aureus.
Together with the biochemical features of S. aureus DnaA, the
weak ability to convert ATP-DnaA into ADP-DnaA and the
instability of ADP-DnaA, these results suggest that there may be
unidentified system(s) for reducing the cellular ratio of ATP-
DnaA to ADP-DnaA in S. aureus and thereby delaying the re-
initiation of DNA replication.

The initiation step of chromosome replication is an impor-
tant set point for coordinating cell growth and chromosomal
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replication, and it is tightly regulated so that it takes place only
once per cell cycle. DNA replication in bacteria starts when the
cell mass reaches an appropriate size and at the appropriate
time, which is controlled in part by the quantity and activity of
initiator DnaA protein (1-3). In Escherichia coli, DnaA binds to
9-mer DnaA boxes in oriC, the origin of chromosome replica-
tion, and melts the duplex at AT-rich 13-mers adjacent to oriC.
DnaA then directs loading of the DnaB replicative helicase,
which depends on the DnaC helicase loader and priming by the
DnaG primase. This is followed by the synthesis of DNA by the
DNA polymerase III holoenzyme (4).

DnaA is composed of four domains: N-terminal domains I
and II are involved in DnaA oligomerization and DnaA-
DnaB interaction, and they show a diversity of sequence
among bacteria. Domain III contains AAA+ motifs, and the
C-terminal domain IV mediates DNA binding (3, 5). Bio-
chemical and genetic studies in E. coli have revealed adenine
nucleotide binding-mediated control of the DnaA activity
(6-11). Specifically, ATP-bound DnaA actively promotes
replication initiation, whereas the ADP-bound form is inert
(6, 7). ATP promotes the self-assembly of DnaA at replica-
tion origins via a conformational change to form a right-
handed helical filament (8, 9). In E. coli, 70% to 80% of DnaA
exists as the inactive ADP-bound form, and active ATP-
DnaA levels increase during the initiation of chromosome
replication (10). The ratio of ATP-DnaA to ADP-DnaA is
regulated by de novo synthesis of the ATP-bound DnaA, hy-
drolysis of bound ATP to ADP by the intrinsic ATPase activ-
ity of DnaA, the stimulatory factor RIDA (regulatory inacti-
vation of DnaA),® and the exchange of bound ADP for ATP
(10, 12). RIDA requires a 3 clamp of DNA polymerase Il and
Hda protein and negatively regulates the initiation step of
DNA replication by promoting hydrolysis of bound ATP on
DnaA, which is coupled to the progression of chromosome
replication (13-18). The factors to promote the exchange of
bound ADP for ATP on DnaA include fluid membranes with
acidic phospholipids as well as a specific DNA sequence con-
taining DnaA boxes (19-22). DnaA acts as a transcription
factor and autoregulates its expression (23-26), and its activ-
ity is affected by nucleotide binding (27, 28).

®The abbreviations used are: RIDA, regulatory inactivation of DnaA; Atc,
anhydrotetracycline; ORF, open reading frame; DTT, dithiothreitol; BSA,
bovine serum albumin; Orc, origin recognition complex; AMP-PNP,
5’-adenylyl-B,y-imidodiphosphate.
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Comparison of replication-related gene sequences suggests
that there are different mechanisms for controlling initiation in
Gram-positive bacteria with low GC content such as Staphylo-
coccus aureus and Bacillus subtilis than in Gram-negative bac-
teria such as E. coli. Specifically, Gram-negative bacteria related
to E. coli contain Dam methylase and SeqA (29-31), which
inactivate oriC and the dnaA promoter immediately after the
initiation of DNA replication, whereas these proteins are absent
in Gram-positive bacteria. Conversely, Gram-positive bacteria
contain DnaB and DnaD proteins, which are involved in the
initiation step of DNA replication (32—37). Gram-positive bac-
teria also express an additionally essential catalytic subunit of
DNA polymerase III (38, 39). Furthermore, two regulators of
DnaA in E. coli, Hda described above and DiaA (40), are not
present in S. aureus and B. subtilis. Instead, these Gram-posi-
tive bacteria contain YabA, which negatively regulates the ini-
tiation step of DNA replication by binding to DnaA and DnaN
(41-43). Although DnaA is widely conserved in prokaryotes
and is essential in both Gram-negative and Gram-positive bac-
teria, DnaA of B. subtilis and S. aureus is not interchangeable
with E. coli DnaA (3, 44). Therefore, DnaA differs in its function
to control the replication initiation in each bacterium, but
DnaA must function as an initiator in both. However, there is
little information on how DnaA is regulated in bacteria other
than E. coli.

The present study showed that ADP dissociates much faster
from purified S. aureus DnaA than from E. coli DnaA, so that
ADP-bound S. aureus DnaA was rapidly converted to the
ATP-bound form in vitro. This raises a question whether DnaA
is really inactivated by ADP binding in S. aureus. To explore this
question further, we examined the similarities and differences
in initiation control of chromosome replication by S. aureus
DnaA. In vitro, S. aureus DnaA mediated open complex forma-
tion at oriC in an ATP-dependent manner, although hydrolysis
of ATP was not required. In S. aureus cells, induced expression
of an S. aureus DnaA R318H mutant protein, which has greatly
reduced intrinsic ATPase activity, caused excessive initiation.
These results suggest that, as in E. coli, ADP-DnaA negatively
regulates the initiation step of chromosome replication and
DnaA concentration alone is not the only factor determining
the timing of the initiation in S. aureus. The results also imply
that S. aureus possesses a system for maintaining the ADP-
bound form of DnaA.

EXPERIMENTAL PROCEDURES

Bacteria, Plasmids, and Culture Conditions—E. coli and S.
aureus cells were grown in Luria-Bertani (LB) medium (1%
Tryptone (Difco), 0.5% yeast extract (Difco), and 1% NaCl) with
25 wg/ml thymine, 50 pg/ml ampicillin, 25 wg/ml kanamycin,
12.5 pg/ml chloramphenicol, or 10 wg/ml erythromycin as
required. S. aureus strains RN4220, NI8 (¢1yA19::pSF151kan as
RN4220), and NM1003 ({2[sa0009-sa0010::pMutinT3erm]
as NI8) were described previously (44). E. coli strain KA450
(AoriC1071::Tnl0, dnaAl7(Am), rnhA199(Am)) or KP7364
(AdnaA::spec rnhA::kan) was used for construction of oriC plas-
mids or plasmids containing DnaA from S. aureus, B. subtilis,
Streptococcus pyogenes, and E. coli. E. coli J]M109 (recAl) was
used as a host during construction of other plasmids and to
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prepare a monomer form of pCK206 (oriC) DNA. The shuttle
vectors between E. coli and S. aureus were pND50 (45), pKE515
(37), and their derivatives.

Construction of oriC Plasmids—To construct the pCK206
oriC plasmid, the dnaA-coding region with the proximal
upstream and downstream region (3.5 kbp), which included
rnpA, romH, dnaA, and the 5’ -region of dnaN, was amplified by
PCR with primers 5'-GGAATTCCCCCTACCCTATCCTTA-
CTTAATCTT-3' and 5'-TTGTATAAGCCAGTTCACACC-
AGTTA-3' and using an RN4220 genomic DNA as a template.
The amplified fragment was cloned into the Smal site of the
E. coli pUC-derived plasmid pCK20 (46). The plasmid obtained
was digested with EcoRV and Pstl, blunt-ended, and self-ligated
to truncate dnaA and delete its upstream region. The resulting
plasmid was named pCK206, and it contained the 3'-region of
dnaA to the 5'-region of dnaN as oriC.

Construction of Plasmids for Overexpressing S. aureus DnaA—
A wild-type S. aureus DnaA-overproducing plasmid, pBAD-
dnaA, was generated as follows. The coding region of the S.
aureus dnaA gene (1.4 kbp) was amplified by PCR using
primers 5'-GGGAATTCACCATGTCGGAAAAAGAAATT-
TGGG-3' (EcoRlI site underlined) and 5'-GGCTGCAGTTAT-
ACATTTCTTATTTCTTTTTC-3’ (Pstl site underlined) and
pHYdnaA (44) as a template. The resulting fragment was sub-
cloned into the pGEM-T vector (Promega), excised with EcoRI
and Pstl, and cloned into the EcoRI and Pstl site of pBAD24,
which contains the arabinose promoter and operator (47),
resulting in pBAD-dnaA. To construct pPBAD-R318H, the
entire region of pPBAD-dnaA was amplified by PCR with prim-
ers 5'-CATGAATTAGAAGGTGCATTAACACG-3' and 5'-
AATATTAGATTGAATTTGATTTGC-3’ (altered nucleotide
underlined), which introduces an Arg to His substitution at
residue 318 of S. aureus DnaA. After self-ligation, the resulting
plasmid was introduced into and amplified in E. coli strain
KA450, resulting in pBAD-R318H. Sequence analysis con-
firmed that the open reading frame (ORF) of DnaA in this plas-
mid lacked secondary mutations.

Construction of Atc-inducible Plasmids for Expressing DnaA
in S. aureus—The DNA region (0.8 kbp) from pWH353 (48),
which includes the tetR gene and a synthetic xy/-tet promoter-
operator fusion, was amplified by PCR using primers 5'-
GCCCAAGCTTTAAAATCGATAACTCGACAT-3' and 5'-
AGATCTGATATCAAGCTTATTTTAA-3" (HindIIl sites
underlined). The amplified DNA fragment was digested with
HindIII and ligated into HindIII-digested pND50, resulting in
pNDXI1. Next, the DNA fragment, including the S. aureus dnaA
ORF along with the Shine-Dalgarno sequence (1.5 kbp), was
amplified by PCR using primers 5'-CCGGAATTCGTGTAT-
AACTTAAAAATTTAA-3" (EcoRI site underlined) and 5'-
GCCGGATCCAAAGTTTCCTACTTATACATT-3' (BamHI
site underlined). The amplified DNA fragment was ligated into
Smal site of the pNDX1, resulting in pPNDX1-dnaA. Although
pNDX1-dnaA contained a single et regulatory element, we
replaced it with double tet operators derived from pWH354,
which enabled tighter repression (48). The synthetic xyl-tet-tet
promoter-operator-operator region of pWH354 was excised
with Xhol and Pstl and then cloned into the Xhol and PstI site
of pNDX1-dnaA. The resulting plasmid, pNDX2-dnaA, was
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used for Atc-inducible expression of DnaA in S. aureus. To
construct pNDX2-R318H, the EcoRV fragment (0.4 kbp) of
pBAD-R318H, which includes the internal DnaA protein
region carrying the R318H mutation, was inserted into EcCoRV-
digested pNDX2-dnaA. The pNDX2 vector was prepared from
pNDX2-dnaA by EcoRI digestion followed by self-ligation,
which removed the cloned dnaA region.

Construction of Multicopy dnaN Plasmid—The multicopy
dnaN plasmid, pSE-dnaN, was constructed as follows. The
DNA region, including the S. aureus dnaN ORF along with the
Shine-Dalgarno sequence (1.2 kbp), was amplified by PCR
using primers 5'-AAGGTACCTATATAATTATATATAAA-
CGACT-3' (Kpnl site underlined) and 5'-GTGCGGCCGCA-
ATACTGTCATTTTCAATTTTT-3" (Notl site underlined)
and chromosomal DNA from S. aureus strain RN4220 as a tem-
plate. The amplified product was digested with Kpnl and NotI
and then cloned into the Kpnl and NotlI sites of pSRP21, result-
ing in pSRP-dnaN. The pSRP21 plasmid was a pKE515-derived
plasmid carrying the upstream region of the S. aureus hisS gene
(0.3 kbp; amplified with primers 5'-GCCTCTAGAACATTG-
AACACAAGAAGAGGT-3" and 5'-GCCGAATTCTCGGC-
AAACTATTTTATTTAA-3’) inserted into the Smal site. Plas-
mid pSRP-dnaN was digested with BamHI and Notl, and then a
1.6-kbp fragment containing the %isS upstream region and the
dnaN-coding region was cloned into BamHI/NotlI-digested
pKE516, resulting in pSE-dnaN. Plasmid pKE516 was a deriva-
tive of pKE515, wherein the chloramphenicol resistance gene of
pKE515 was replaced with the erythromycin resistance gene.”

Purification of S. aureus DnaA Protein—S. aureus DnaA was
purified as described previously (46) with some modifications.
Briefly, lysates from E. coli strain KA450 harboring pBAD-
dnaA were prepared and purified by Mono S column chroma-
tography as described previously (46). DnaA-containing frac-
tions were identified by ATP binding, pooled, diluted with an
equal volume of buffer D (50 mm HEPES-KOH, pH 7.6, 1 mm
EDTA, 2 mum dithiothreitol (DTT), 20% glycerol, 10 mM mag-
nesium acetate, and 0.2 M potassium sulfate) containing 7 m
guanidine hydrochloride and then centrifuged at 13,000 X g for
20 min at 4 °C. The supernatant was applied to a Superose 12
10/30 fast protein liquid chromatography column (Amersham
Biosciences) equilibrated with buffer D, and DnaA protein was
eluted with buffer D. Fractions showing ATP binding were
pooled and used as purified S. aureus DnaA. S. aureus
DnaAR318H protein was purified form E. coli KA450 harbor-
ing pBAD-R318H in the same way. In both cases, SDS-PAGE
followed by staining with Coomassie Brilliant Blue R-250
revealed a single band (see Fig. 3A). Protein concentrations
were determined by the Bradford method using bovine serum
albumin (BSA) as a standard.

Purification of B. subtilis DnaA and Streptococcus pyogenes
DnaA Proteins—B. subtilis DnaA protein ORF was amplified
with PCR using primers 5'-ACGTGCCGGACCATGGAAA-
ATA-3" (Ncol site underlined) 5'-CCCCCATGGATCCCCG-
GTCCTGCTATT-3' (Ncol site underlined) and B. subtilis 168
genomic DNA as a template and cloned into the Ncol site of

7 M. Matsuo, K. Kurokawa, and K. Sekimizu, unpublished observations.
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pBAD24 (41). The resulting plasmid, pBAD-BdnaA, was intro-
duced into an E. coli strain KP7364, which lacks the E. coli dnaA
gene (11). S. pyogenes DnaA protein ORF was amplified with
PCR using primers 5'-TCCACAAGAAGGAATTCAGTATG-
ACTGAA-3' (EcoRI site underlined) 5'-ACGAGAGAATTC-
AAGACTAAATGG-3' (EcoRI site underlined) and S. pyogenes
SSI-9 genomic DNA as a template and cloned into the EcoRI
site of pPBAD24. The resulting plasmid, pBAD-SpydnaA, was
introduced into an E. coli strain KA450. Induction of B. subtilis
DnaA and S. pyogenes DnaA proteins was carried out at 16 °C,
and purifications of these proteins was followed by the proce-
dure for S. aureus DnaA as descried above. DNA sequences of
dnaA ORFs in overexpressing plasmids were confirmed by
DNA sequencing.

Purification of S. aureus HU Protein—S. aureus HU protein
consists of a homodimer. The S. aureus HU protein ORF was
amplified with PCR using primers 5'-AGGAGGTGAATGTC-
TCATGAACAAA-3" (BspHI site underlined) 5'-TTTTGAA-
AGCTTAAACAATGAATGTTCC-3" (HindIIl site under-
lined) and cloned into the Ncol and HindlIII sites of pBAD24.
The resulting plasmid, pBAD-HU, was introduced into E. coli
strain RI-07, which lacks the hupA and hupB genes (49). R1-07
harboring pBAD-HU was cultured in 1 liter of LB medium con-
taining 100 pwg/ml ampicillin at 37 °C until the A, reached 0.2,
after which the culture was adjusted to 0.2% (w/v) L-(+)arabi-
nose. After a 2-h induction, cells were harvested by centrifuga-
tion, washed with 0.9% NaCl, suspended in 1 ml of buffer A (20
mM Tris-HCl, pH 7.5, 5 mm EDTA, 0.5 mm DTT, 10% glycerol,
and 50 mm NaCl) per milliliter of wet cell weight, and frozen in
liquid N,,. The frozen cell paste was thawed on ice and adjusted
to 0.4 mg/ml lysozyme and 30 mMm spermidine. After 30-min
incubation on ice for cell lysis, samples were again frozen,
thawed on ice, and then sonicated four times for 10 s using a
Branson Sonifier 450 with an ultramicrotip at an output setting
of 3. The resulting homogenate was centrifuged at 35 krpm for
30 min at 4 °C using a Beckman 80Ti rotor, and the cleared
lysates obtained were loaded onto a DNA-cellulose column
pre-equilibrated with buffer A. The column was then washed,
and proteins were eluted with a linear gradient from 50 mm to 2
M NaCl in buffer A. The presence of HU protein was deter-
mined by SDS-PAGE, and a fraction of peak, which represented
a single band stained with Coomassie Blue, was used as purified
HU protein. The purified HU protein also had the ability to
cause constrained supercoiling of pUC119 form I DNA in the
presence of calf thymus DNA topoisomerase I (50). The protein
concentration was determined by the Lowry method using BSA
as a standard. Proteins were stored at —80 °C.

ATP and ADP Binding by DnaA—A filter binding assay was
used to measure ATP binding by DnaA as described previously
(46), except that the magnesium concentration was increased
to 10 mMm. The same conditions were applied for all DnaA pro-
teins form S. aureus, B. subtilis, S. pyogenes, and E. coli. Typical
reactions were performed on ice in a 50-ul solution of 40 mm
HEPES-KOH, pH 7.6, 100 mM potassium glutamate, 10 mm
magnesium acetate, 0.5 mm EDTA, 1 mm DTT, 50 ug/ml BSA,
10% sucrose, 1 um [a-**P]ATP (40,000 cpm/pmol), or [PH]ADP
(11,400 cpm/pmol), and purified S. aureus DnaA proteins (50 —
250 ng). DTT was added just before initiating the reaction. K,
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values were determined by incubating 5 pmol of purified S.
aureus DnaA proteins for 3 h on ice with ATP or ADP and in a
volume of 0.5 ml or 5 ml, respectively. ATP and ADP binding in
dissociation and exchange reactions were also detected by the
filter binding assay.

ATPase Activity of S. aureus DnaA—DnaA protein (20 pmol)
was preincubated on ice for 30 min with pCK206 (100 ng) and 1
uM [a->?P]ATP (40,000 cpm/pmol) in 20 ul of a reaction buffer
containing 40 mm HEPES-KOH, pH 7.6, 100 mm potassium
glutamate, 1 mM magnesium acetate, 0.5 mm EDTA, 1 mm
DTT, 50 ng/ml BSA, and 10% sucrose and then incubated at
37 °C. A portion (2 pl) of samples was placed on ice to stop the
reaction, after which 1 ul was spotted onto a silica-gel TLC
plate. The plate was developed with 1 M formic acid containing
0.6 M lithium chloride and then exposed to a BAS MS2025
imaging plate (Fuji). The plates were analyzed with a BAS-
180011 bioimaging analyzer (Fuji).

P1 Nuclease Assay—S. aureus DnaA was preincubated at
37 °C for 20 min in a reaction buffer (10 ul) containing 40 mm
HEPES-KOH, pH 7.6, 100 mM potassium glutamate, 10 mm
magnesium acetate, 0.5 mm EDTA, 1 mm DTT, 50 ug/ml BSA,
10% sucrose, and 5 mm ATP or ADP. In another tube, pCK206
oriC DNA (100 fmol) was also preincubated at 37 °C for 10 min
in the same reaction buffer (40 ul) containing 100 ng of S.
aureus HU protein. Next, DnaA was added to the pCK206
DNA, and the mixture was incubated for an additional 10 min
at 37 °C. P1 nuclease (Roche Applied Science, 0.3 unit; or MP
Biochemicals, 10 units) was then added, and the mixture was
incubated for 25 s at 37 °C. The nuclease reaction was stopped
by the addition of 50 ul of SDS-EDTA (0.2% SDS and 40 mm
EDTA), and the proteins were removed by phenol/chloroform
extraction. DNA in the samples was recovered by ethanol pre-
cipitation, separated by 1% agarose gel electrophoresis, and
stained with ethidium bromide.

Western Blotting for S. aureus DnaA—To estimate the level of
DnaA induction in vivo, S. aureus NM1003 cells harboring an
empty pNDX2 vector, pNDX2-dnaA, or pNDX2-R318H were
grown at 37 °C until the A, reached 0.1. The cells were then
treated for 1 h with 0, 1, or 10 ng/ml Atc. Proteins were
extracted from the cells, determined by the Lowry method with
BSA asastandard, and then analyzed by Western blotting for S.
aureus DnaA as described previously (44).

Southern Hybridization—Southern blotting to determine the
origin-to-terminus ratio was performed as described previously
(37).

Flow Cytometry—Flow cytometric analysis to determine
chromosome equivalents per cell was performed as previously
described (36).

Measurement of DNA Synthesis—DNA synthesis in S. aureus
cells was determined by [methyl-*H]thymine incorporation
into acid-insoluble material as previously described (44).

RESULTS

Rapid Exchange of Bound ADP for ATP by S. aureus DnaA—
S. aureus DnaA binds ATP and ADP with high affinity in vitro
(46). Here, we measured the dissociation rate of the [PH]ADP-
DnaA complex in the presence of excess concentrations of ATP
or ADP. The half-life of ADP-DnaA was 15 min on ice (data not
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FIGURE 1. ADP binding by S. aureus DnaA is unstable. A, dissociation of
ADP-DnaA. S. aureus DnaA (5 pmol) was preincubated with 1 um [*HJADP on
ice and then mixed with 1 mm ATP (open circle) or ADP (closed circle) and
incubated at 37 °C. B, exchange of bound ADP for ATP by DnaA. S. aureus
DnaA (30 pmol and 10 ul) was preincubated with 1 um [*HJADP at 37 °C for 9
min and then mixed with 40 ul of a solution containing 12.5 um [a->?P]ATP
and incubated at 37 °C for the indicated time. The levels of ADP-bound (closed
circle) or ATP-bound DnaA (open circle) were measured with a filter binding
assay. C, dissociation of ATP-DnaA from other bacteria. B. subtilis DnaA (18
pmol, open circle), S. pyogenes DnaA (18 pmol, closed circle), or E. coliDnaA (18
pmol, open square) was preincubated with 1 um [a->?P]ATP on ice and then
mixed with 1 mm ATP and incubated at 37 °C for indicated time.

shown) and ~1.5 min at 37 °C (Fig. 1A4). In agreement with this,
when [PH]JADP-DnaA was chased with [a-32P]JATP at 37 °C,
the half-life for exchange was 1 min (Fig. 1B). This is quite
different from E. coli ADP-DnaA, which requires ~45 min to
exchange half of ADP-DnaA with ATP-DnaA under similar
conditions at 38 °C (6), although the affinities to adenine nucle-
otides are compatible between S. aureus and E. coli DnaA. For
E. coli DnaA, a low concentration of Mg>* (0.2 mm) or a higher
concentration of ATP than Mg>" destabilizes ADP-DnaA (51).
Therefore, we used a high Mg>* (10 mm) concentration in our
experiments. Regardless, we did not find conditions that stabi-
lized S. aureus ADP-DnaA. Also, DNA with or without oriC did
not stabilize S. aureus ATP-DnaA (data not shown). We also
observed this instability of nucleotide binding for purified
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FIGURE 2. Reactivation of the ADP-bound form of S. aureus DnaA in open complex formation in vitro. A, schematic representation of the S. aureus origin
region and the corresponding region in B. subtilis. The DnaA box in S. aureus has the consensus sequence 5’-TTATNCACA-3’ or this sequence with a one-base
change. The B. subtilis DnaA box was obtained from previous reports (53, 54). B, pCK206 (100 fmol) (oriC) or pCK20 (non-oriC) DNA preincubated with S. aureus
HU protein (100 ng) was incubated with S. aureus DnaA at 37 °C for 10 min, digested with P1 nuclease, and analyzed by agarose gel electrophoresis. C, pCK206
DNA (100 fmol) was incubated with S. aureus DnaA in the presence of 5 mm ATP (open circles), 5 mm ADP (closed circles), or 5 mm of the non-hydrolyzable ATP
analog AMP-PNP (close squares). Open complex formation was assayed as in B, and the percentage of plasmid in the linear form was calculated from intensities
of the plasmid bands determined by agarose gel electrophoresis. D, S. aureus DnaA (15 pmol) was preincubated in a 5-ul solution containing 50 um ATP or ADP
and then added to a 50-ul solution containing pCK206 DNA (100 fmol) and 5 mm ATP or ADP. Open complex formation was assayed as in B.

B. subtilis DnaA protein (Fig. 1C), in which the half-life of ATP-
DnaA from B. subtilis was 5 min at 37 °C. This result suggests
that the rapid nucleotide dissociation rate for S. aureus DnaA is
not restricted in this bacterium. Meanwhile, the half-life of
ATP-DnaA from Streptococcus pyogenes was 12 min at 37 °C
(Fig. 1C), which was an intermediate value between 1.5 min of S.
aureus ATP-DnaA and 41 min of E. coli ATP-DnaA.

Melting of Duplex oriC by S. aureus DnaA—The low nucleo-
tide exchange rate or the stability of the E. coli ADP-DnaA is
thought to account for the predominance of ADP-DnaA in
E. coli (10, 12). Given the relatively high rate of nucleotide
exchange or the instability of the S. aureus ADP-DnaA, whether
this protein is actually regulated by adenine nucleotide binding
is not clear. Therefore, we examined the effect of nucleotide
exchange on the ability of S. aureus DnaA activity to melt the
oriC duplex in vitro. Duplex opening at a B. subtilis oriC in vitro
occurred at the 27-mer AT-cluster between the DnaA and
DnaN OREFs (Fig. 24) (52, 53). The gap region between dnaA
and dnaN of S. aureus has an 18-mer AT-cluster along with five
DnaA boxes, which closely resembles the structure and
arrangement of the corresponding oriC region of B. subtilis
(Fig. 2A4) (53, 54). Therefore, to measure open complex forma-
tion by S. aureus DnaA, we carried out P1 nuclease assays using
pCK206 DNA, which contains this DNA sequence from S.
aureus in the pCK20 plasmid. P1 nuclease is a single-stranded
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DNA-specific endonuclease, which can cleave a single-
stranded region induced by DnaA and convert a covalently
closed circular form of plasmid (Form I) into linear form (55).
The pCK206 DNA was incubated with S. aureus DnaA and HU
proteins at 37 °C for 10 min and then digested with P1 nuclease.
The linear form of pCK206 DNA was generated in a DnaA-de-
pendent manner (Fig. 2B). A linear form was not generated
when a non-oriC plasmid, pCK20, was used for the assay, sug-
gesting that formation of this linear form depends on oriC (Fig.
2B). S. aureus HU protein is a factor that increases the specific-
ity of the cleavage for both oriC and DnaA (data not shown).

To examine whether this cleavage took place at the AT-clus-
ter region of oriC, we isolated the plasmid DNA after P1 nucle-
ase digestion and cut it with an endonuclease. Digestion with
HindIII or Stul produced 2.7- and 0.7-kbp fragments or 2.1-
and 1.3-kbp fragments, respectively (data not shown), which is
consistent with P1 nuclease cleavage of pCK206 at or near the
AT-cluster region of oriC (data not shown). This suggests that
S. aureus DnaA melted the oriC duplex at the 18-mer AT-clus-
ter region in vitro.

Next, we investigated whether the ability of S. aureus DnaA
to form an open complex requires ATP and its hydrolysis. In the
presence of 5mm ATP, S. aureus DnaA stimulated formation of
the linear form of the pCK206 oriC plasmid, whereas, 5 mm
ADP did not (Fig. 2C). Further, AMP-PNP, a non-hydrolyzable

JOURNAL OF BIOLOGICAL CHEMISTRY 34205



Unstable ADP-DnaA of S. aureus

analog of ATP, stimulated formation of the linear form of the
oriC plasmid by DnaA (Fig. 2C). These results suggest that the
open complex formation at oriC by S. aureus DnaA requires
ATP but not ATP hydrolysis.

The concentration of ATP required for open complex forma-
tion by S. aureus DnaA varied according to the concentration of
Mg>*. The standard buffer containing 10 mm Mg>*, DnaA
required 1 mm ATP to promote open complex formation,
whereas in another buffer containing 0.1 mm Mg>" and 0.125
mM EDTA, 10 um ATP was enough for open complex forma-
tion (data not shown). Although previous reports showed that
open complex formation by E. coli DnaA in the presence of 8
mMm Mg2+ requires millimolar concentrations of ATP (6, 51,
55), our results suggest that a decrease in Mg®" might also
reduce the concentration of ATP needed for open complex for-
mation by E. coli DnaA. Together with the notion that pre-
priming complex formation by E. coli DnaA, DnaB, and DnaC
takes place at 30 um ATP (6), DnaA seems not require millimo-
lar concentrations of ATP to initiate oriC replication.

Regeneration of the ADP-bound Form of S. aureus DnaA in
Vitro—As shown in Fig. 1, bound ADP dissociates rapidly from
S. aureus DnaA, and ADP bound to DnaA is rapidly exchanged
for ATP in the presence of an excess of ATP. Thus, we investi-
gated whether the rapid exchange of ADP for ATP activates S.
aureus DnaA in vitro. As expected, DnaA preincubated with
ADP induced melting at oriC when the reaction was done in the
buffer with 5 mm ATP (Fig. 2D). In reverse, DnaA preincubated
with ATP did not show open complex formation in buffers
containing excess ADP (Fig. 2D). The linear form was formed,
when the AMP-PNP/total adenine nucleotides ratio was over
30% in open complex formation reactions (data not shown).
This was observed at not only 5 mm but also 1 mm total adenine
nucleotides (data not shown), thereby the requirement of
>30% ATP was not due to necessity of millimolar concentra-
tions of ATP. These results suggest that the rapid exchange of
bound ADP with ATP restores the replication initiation activity
of DnaA. This is very different from E. coli DnaA, where the
ADP-bound form is highly stable and reactivation does not take
place easily, even in the presence of excess ATP.

Biochemical Characterization of the R318H Mutant of DnaA—
We next tried to construct a mutated DnaA with greatly
reduced intrinsic ATPase activity to determine whether DnaA
isinactivated by ADP binding in S. aureus. Mutation of Arg-334
of the E. coli AAA+ sensor 2 mutated protein to His or Ala
eliminates its intrinsic ATPase activity, and expression of the
R334A mutantin E. coli cells causes excessive initiation of chro-
mosome replication (7, 56). We therefore mutated the equiva-
lent residue, Arg-318, of S. aureus DnaA to His. The R318H
mutant protein was expressed and purified using the same pro-
tocol employed for wild-type S. aureus DnaA (Fig. 3A). Purified
DnaAR318H had high affinities for ATP and ADP, with K, val-
ues of 21 and 25 nm, respectively, which are similar to the values
for wild-type DnaA (5 nMm for ATP and 14 nm for ADP, respec-
tively). The stoichiometry of ATP binding by wild-type and
R318H was ~0.2 and 0.1, respectively, although the value varied
between batches. The rate of ATP dissociation from the ATP-
DnaAR318H complex at 37 °C was slightly higher than that of
wild-type DnaA (Fig. 3B). The intrinsic ATPase activity of
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FIGURE 3. Characteristics of S. aureus DnaAR318H in vitro. A, wild-type or
R318H DnaA (500 ng) was separated by SDS-PAGE (12.5%) and visualized with
Coomassie Brilliant Blue R-250. B, ATP dissociation. Wild-type DnaA (closed
circles) or R318H (open circles) (5 pmol) was preincubated with 1.0 um
[a->2P]ATP on ice and then mixed with 1 mm ATP and incubated at 37 °C. The
amount of bound ATP was measured with a filter binding assay. Results
shown are means = S.E. of at least three independent experiments. C, ATPase
activity. Wild-type DnaA (20 pmol, closed circles), R318H DnaA (20 pmol, open
circles), or without DnaA (closed squares) was preincubated with 1.0 um
[a->2P]ATP on ice for 30 min and then incubated at 37 °C for the indicated
time. Samples were separated by TLC, and the amount of ADP was deter-
mined using fluorography. Results are means = S.E. of at least three indepen-
dent experiments. D, open complex formation. pCK206 (100 fmol) was incu-
bated with wild-type or R318H DnaA and digested with P1 nuclease as
described in Fig. 2B.

R318H was 6% of that of wild-type DnaA, which was deter-
mined from their initial velocities (Fig. 3C). Hydrolysis of ATP
by wild-type S. aureus DnaA was very slow and was stimulated
by plasmid DNA without any apparent specificity for oriC
sequence (data not shown), like E. coli DnaA (6). Regardless,
like the wild-type form, the R318H mutant DnaA promoted
ATP-dependent open complex formation at oriC (Fig. 3D).
Therefore, it appears that the R318H protein can initiate DNA
replication despite having greatly reduced ATPase activity.
Inhibition of Colony Formation and Excessive Initiation by
DnaAR318H in S. aureus Cells—Next, we determined whether
DnaAR318H induces excessive initiation of chromosome rep-
lication in S. aureus cells. In the case of E. coli, intrinsic ATPase
activity-deficient DnaA mutant inhibited the colony formation
of E. coli (7). So, we first established cells in which wild-type or
R318H DnaA could be conditionally expressed in S. aureus cells
by placing the ORFs under control of the Atc-inducible xyl-tet
promoter-operator fusion (48). On an LB agar plate containing
0.1 or 1 ng/ml Atc, expression of R318H inhibited the colony
formation of the strain, although wild type did not show any
effect (Fig. 4). To address the levels of overexpression, we per-
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FIGURE 4. Inhibition of colony formation by induction of DnaAR318H in
S. aureus. An overnight culture of S. aureus NM1003 cells harboring pNDX2-
dnaA, pNDX2-R318H, or pNDX2 vector was serially diluted, and 1-ul samples
were spotted on an LB agar plate containing 0 (top panel), 0.1 (middle
panel), or 1 (bottom panel) ng/ml Atc. The plates were incubated at 37 °C
for 20 h and scanned. Results are representative of at least three indepen-
dent experiments.

TABLE 1
Relative amounts of DnaA in S. aureus after induction with Atc
Atc” pNDX2 WT R318H
ng/ml
0 1.0 0.8 0.6
1 0.9 1.5 1.6
10 1.0 11.0 9.4

“S. aureus NM1003 cells harboring empty pNDX2 vector, pNDX2-dnaA, or
pNDX2-R318H were grown at 37 °C in LB medium until the A4, reached 0.1.
Production of DnaA was induced by the addition of Atc and incubation at 37 °C for
1 h. The amount of DnaA after induction was determined by Western blotting and
is shown relative to the level in NM1003 cells harboring pNDX2 at 0 ng/ml Atc.

formed Western blotting for total DnaA protein levels from the
cells treated with 1 ng/ml Atc (Table 1). DnaA protein levels
were increased 1.5- and 1.6-fold (relative to cells with empty
vector) in the cells with wild-type versus R318H DnaA-contain-
ing plasmids, respectively, suggesting that the inhibition of col-
ony formation by R318H expression was not due to excessive
synthesis of the mutant protein.

We next measured the effect of expressing R318H DnaA on
the origin-to-terminus ratio to know the R318H DnaA expres-
sion induce excessive initiation of DNA replication in S. aureus.
Southern blotting revealed that induction of R318H by 1 ng/ml
Atc increased the origin-to-terminus ratio, whereas expression
of the wild-type protein did not (Fig. 5). These results suggest
that expression of R318H induces excessive initiation of chro-
mosome replication in S. aureus cells. Therefore, similar to
E. coli DnaA, exchange from ATP-DnaA to ADP-DnaA is cru-
cial for negative regulation for the initiation of chromosome
replication in S. aureus. On the other hand, a little increase in
origin-to-terminus ratio after induction of wild-type S. aureus
DnaA differs from similar studies with E. coli DnaA (7, 57),
which might be due to differences in initiation control of chro-
mosome replication between them.

In addition, using flow cytometry, we measured the effect
of R318H DnaA expression on the chromosome equivalents
(58). Exponentially growing cells were treated with 0.1 or 1
ng/ml of Atc for 1 h, followed by 2 h with rifampicin and
cephalexin, which allows completion of ongoing rounds of
chromosome replication without a new round of initiation
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FIGURE 5. Excessive initiation in vivo by S. aureus DnaAR318H. S. aureus
NM1003 harboring pNDX2-dnaA (closed circles) or pNDX2-R318H (open cir-
cles) was grown until the A4, reached 0.1, adjusted to 1 ng/ml Atc, and incu-
bated at 37 °C for the indicated time. The ratio of replication origin to termi-
nus was determined by Southern hybridization. Results are means = S.E. of at
least three independent experiments.
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FIGURE 6. Expression of DnaAR318H prevents replication fork movement
invivo.S. aureus NM1003 cells harboring empty pNDX2 vector (A-C), pNDX2-
dnaA (D-F), or pNDX2-R318H (G-I) were grown until the Ag,, reached at 0.1,
mixed with 0 (A, D, and G), 0.1 (B, E, and H), or 1 (C, F, and /) ng/ml Atc and
incubated at 37 °Cfor 1 h. Cells were further incubated for 2 h in the presence
of rifampicin and cephalexin and then harvested. Chromosome equivalents
of cells were analyzed by flow cytometry using a FACSCalibur.

and cell division. Cells harboring the wild-type DnaA-ex-
pressing plasmid or an empty vector showed major 4N and
minor 2N peaks in the absence or presence of 0.1 or 1 ng/ml
of Atc (Fig. 6, A-F). These peaks were not formed in cells
harboring the R318H treated with 1 ng/ml of Atc; instead, a
broaden peak was observed, in which most of the cells con-
tained chromosome equivalents of between 4N and 8N (Fig.
6I), whereas cells harboring the R318H without Atc showed
major 4N and minor 2N peaks (Fig. 6G). This suggests that
ongoing rounds of replication are not completed in the
R318H-expressing cells. Consistent with this notion, the rel-
ative uptake of [*H]thymine into acid-insoluble materials
(relative to turbidity) after induction of R318H expression by
1 ng/ml Atc (Fig. 7F) was not higher than that in control
strains, but was rather similar to that in control strains (Fig.
7, B or D). Therefore, it appears that R318H expression
induces excessive initiation from oriC but results in
incompletion of the following replication of entire chromo-
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FIGURE 7. Chromosomal DNA replication in DnaAR318H-expressing cells.
S. aureus NM1003 cells harboring empty pNDX2 vector (A and B), pNDX2-
dnaA (Cand D), or pNDX2-R318H (E and F) were grown at 37 °Ciin LB medium
containing [*H]thymine until the Ao, reached 0.2. One half of the culture was
supplemented with 1 ng/ml Atc (closed symbols), and the other half was not
treated with Atc (open symbols). The incubation was then continued at 37 °C,
and, at the indicated times, portions were withdrawn for measurement of the
optical density and the incorporation of [*H]thymine into acid-insoluble
materials (left panels). Relative amounts of [*H]thymine incorporation to Ay,
value are represented (right panels). Results are means =+ S.E. of at least three
independent experiments.

some, in which only oriC and its neighboring region may be
replicated as suggested after induction of excessive initiation
by E. coli DnaAA184V and DnaAR334A mutants (7, 12, 59).

When we carefully compared Fig. 6D with Fig. 6F, we could
find a slightly higher 4N-to-2N ratio in Fig. 6F, suggesting
induction of wild-type DnaA caused more frequent initiations.
Although this observation appears to contradict the results in
Fig. 5, it may be explained by different sensitivities of the two
measurements, Southern blotting evaluating the average num-
ber in Fig. 5 and flow cytometry evaluating single cell in a highly
sensitive manner in Fig. 6. An average origin number per cell
calculated from Fig. 6 is 3.6 and 3.9 in Fig. 6D and Fig. 6F,
respectively, demonstrating that the average increase in origin
number per cell by the DnaA induction is <10%, which is a
small change in the measurement of origin-to-terminus ratio in
Fig. 5.

Effect of Multicopy Supply of DnaN on R318H-mediated Inhi-
bition of Colony Formation—In B. subtilis, overexpression of
wild-type DnaA inhibits expression of dnaN, which induces the
SOS response and inhibits cell growth (24). Therefore, we
determined whether overexpression of DnaN could suppress
the inhibition of colony formation caused by S. aureus
DnaAR318H. For these experiments, we constructed a multi-
copy plasmid for expressing dnaN under control of the hisS
promoter. The /4isS promoter does not contain a DnaA box
(either consensus or a one-base-altered) and therefore is not
affected by the amount of DnaA. The resulting plasmid, pSE-
dnaN, suppressed temperature-sensitive colony formation by
an S. aureus dnaN mutant (data not shown), which we had
previously isolated during our S. aureus temperature-sensitive
mutant screening project (36, 37, 44), suggesting that pSE-
dnaN mediated the expression of sufficient amounts of func-
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tional DnaN protein for the growth or viability of the mutant
cells. We introduced pSE-dnaN into R318H-expressing S.
aureus cells. The inhibition of colony formation and the
incompletion of ongoing rounds of replication as detected by
flow cytometry caused by induction R318H protein with 0.1 or
1 ng/ml Atc were not suppressed by pSE-dnaN (data not
shown). Therefore, it appears that the inhibition of colony for-
mation and the incompletion of ongoing rounds of replication
by R318H in S. aureus are not due to insufficient expression of
DnaN.

DISCUSSION

In the present study, we investigated the role of the ade-
nine nucleotide binding of S. aureus DnaA in the control of
the initiation step of chromosome replication. In vitro, S.
aureus DnaA promoted open complex formation at oriC in
the presence of ATP but not in the presence of ADP. An
R318H AAA+ sensor 2-mutated protein, which had greatly
reduced ATPase activity, promoted ATP-dependent open
complex formation iz vitro and induced excessive initiation
of chromosome replication in vivo. Therefore, DnaA activity
is negatively regulated by ADP binding, and the ratio of the
ATP-bound to ADP-bound form of DnaA may control the
initiation step of chromosome replication in S. aureus cells
as it does in E. coli DnaA.

Despite these similarities, the present study also revealed
some different features of E. coli and S. aureus DnaA. Spe-
cifically, the adenine nucleotide bound to S. aureus DnaA
was unstable, although the affinities to adenine nucleotides
to S. aureus DnaA are almost the same as E. coli DnaA. Due
to this instability, ADP-DnaA immediately restored the
melting ability at oriC in conditions containing excess ATP
than ADP. Because the ATP concentration in cells is much
higher than that of ADP, ADP bound to DnaA may be rapidly
exchanged for ATP in vivo. This would preclude control of
replication initiation by nucleotide binding unless there are
some regulatory systems for controlling nucleotide binding
by DnaA. In other words, S. aureus should have some mech-
anisms for increasing the intracellular concentration of
ADP-DnaA to suppress replication initiation. One possible
mechanism is the stimulation of the intrinsic ATPase activ-
ity of DnaA, which would be similar to the mechanism of
RIDA in E. coli (10, 13). Alternatively, there could be a factor
that inhibits dissociation of bound adenine nucleotides from
DnaA, similar to factors that inhibit the release of guanine
nucleotides by small G proteins (60, 61). Conversely, S.
aureus may use this biochemical property of DnaA, immedi-
ate rejuvenation, for the timely activation of DnaA to initiate
chromosome replication in cells.

We estimated that each S. aureus cell contains 700 = 100
DnaA molecules (44), and 50 —100 DnaA molecules are needed
to melt one duplex of oriC (Fig. 2). Therefore, it appears that
most of the DnaA molecules in an S. aureus cell are in an inac-
tive state to prevent excessive initiation (62). This agrees with
the conclusion that S. aureus DnaA is inactivated by generation
of the ADP-bound form.

Recently, extensive studies found that replication initiators
in eubacteria, archea, and eukaryotes depend on ATP. In
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eukaryotes, initiation of replication by the yeast origin recogni-
tion complex (Orc) depends on ATP hydrolysis (63, 64). The
ADP-bound form of Orclp is thought to dissociate the initia-
tion complex and promote the replication process by a
mechanical process rather than acting as a suppressor repli-
cation initiation (65). Because the ATPase-deficient R318H
mutant of S. aureus DnaA caused excessive replication initia-
tion, like E. coli DnaA, it appears to act as a regulator of repli-
cation initiation rather than by mechanically influencing repli-
cation. Together, these findings suggest that ATP hydrolysis
by initiator proteins plays different roles in prokaryote and
eukaryotes.
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