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The initiation of DNA replication requires the binding of the initiator protein, DnaA, to specific binding
sites in the chromosomal origin of replication, oriC. DnaA also binds to many sites around the chromo-
some, outside oriC, and acts as a transcription factor at several of these. In low-G+C Gram-positive
bacteria, the primosomal proteins DnaD and DnaB, in conjunction with loader ATPase Dnal, load the
replicative helicase at oriC, and this depends on DnaA. DnaD and DnaB also are required to load the
replicative helicase outside oriC during replication restart, independently of DnaA. Using chromatin
immunoprecipitation, we found that DnaD and DnaB, but not the replicative helicase, are associated with
many of the chromosomal regions bound by DnaA in Bacillus subtilis. This association was dependent on
DnaA, and the order of recruitment was the same as that at oriC, but it was independent of a functional
oriC and suggests that DnaD and DnaB do not require open complex formation for the stable association
with DNA. These secondary binding regions for DnaA could be serving as a reservoir for excess DnaA,
DnaD, and DnaB to help properly regulate replication initiation and perhaps are analogous to the
proposed function of the datA4 locus in Escherichia coli. Alternatively, DnaD and DnaB might modulate the
activity of DnaA at the secondary binding regions. All three of these proteins are widely conserved and
likely have similar functions in a range of organisms.

The replication initiation protein and transcription factor
DnaA is an AAA+ ATPase that binds to many regions on the
chromosome. The primary binding region is at the origin of
chromosomal replication, oriC (at 0° on the B. subtilis chromo-
some), where there are many individual DnaA binding sites
(Fig. 1). DnaA binds to oriC and causes local unwinding (melt-
ing) of the A+T-rich DNA unwinding element (DUE) (Fig. 1)
and the subsequent assembly of the replicative helicase, fol-
lowed by the assembly of the rest of the replication machinery
(reviewed in references 27, 29, 49, and 56).

The assembly of the replicative helicase is mediated by he-
licase loader proteins. In Escherichia coli, a single protein, the
AAA+ ATPase DnaC, functions to load the helicase (re-
viewed in references 13 and 34). In contrast, in B. subtilis and
other low-G+C Gram-positive bacteria, three different pro-
teins, DnaD, DnaB, and the AAA+ ATPase Dnal, are needed
to load the replicative helicase (DnaC in B. subtilis) during
replication initiation at oriC and replication restart at stalled
replication forks (5-7, 13, 24, 40, 54, 55, 63). There is a defined
order of stable association of the replication initiation proteins
with oriC. DnaA binds first, followed by DnaD and then DnaB,
and finally the Dnal-mediated loading of helicase occurs (58).
It is not known, however, if the association of DnaD and DnaB
with oriC requires the melting of the DUE.
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In addition to its primary role in replication initiation and
binding to sites in the oriC region, DnaA also binds to many
secondary sites around the chromosome, away from oriC.
These secondary sites have been detected by chromatin immu-
noprecipitation (ChIP)-PCR, ChIP-chip, and analogous
(ChAP-chip) approaches (3, 18, 25). Many of these secondary
sites are in promoter regions, and DnaA functions as a tran-
scription factor in several of these regions. DnaA modulates
the transcription of many genes, including its own, likely under
normal growth conditions and in response to replication stress
and the inactivation of replication proteins (3, 9, 12, 16, 18, 22,
23, 29, 43). When replication stress is induced by DNA dam-
age, the inhibition of replication elongation, or the inactivation
of replication initiation protein DnaD, DnaB, or Dnal, DnaA
becomes more active as a transcription factor, and the expres-
sion of target genes changes (3, 9, 17, 18, 22). DnaA activates
the expression of some genes and represses the expression of
others, and this apparently is dependent on the position of its
binding sites relative to the RNA polymerase binding site
(3, 18).

Because DnaD and DnaB are associated with and are re-
cruited to oriC by DnaA, we wished to determine if they also
were associated with other chromosomal regions that are
bound by DnaA. We analyzed the association of DnaD and
DnaB throughout the B. subtilis genome in response to repli-
cation stress. We found that DnaD and DnaB are associated
with many (perhaps all) of the chromosomal regions bound by
DnaA, and that there is the same dependence of association at
these secondary DnaA binding regions as that at oriC: DnaA,
then DnaD, then DnaB. In contrast to oriC, there was little or
no detectable association of the replicative helicase (DnaC) at
most of the secondary DnaA binding regions. Our findings
indicate that the association of DnaD and DnaB with oriC
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FIG. 1. Map of the B. subtilis oriC region. The oriC regions contains
the clusters of DnaA binding sites upstream and downstream from
dnaA and the DNA unwinding element (DUE). The binding sites
upstream of DnaA contribute to the autoregulation of DnaA and also
are needed for oriC function. Part of the DUE and the DnaA binding
sites downstream from dnaA are missing in the oriC-6 mutant (1).

likely does not depend on the melting of the DUE, and that
there is a role for DnaD and DnaB outside oriC and indepen-
dent of their function in replication restart.

We propose that in addition to their roles in the loading of
the replicative helicase, DnaD and/or DnaB is modulating one
or more aspects of DnaA function. In addition, it is possible
that the secondary DnaA binding regions are acting to modu-
late oriC function by titrating excess DnaA, DnaD, and DnaB.

MATERIALS AND METHODS

B. subtilis strains and alleles. All B. subtilis strains (Table 1) were isogenic with
the laboratory wild type, JH642, and contain the #pC2 and pheAl alleles, unless
indicated otherwise. dnaAl, dnaB134, dnaD23, and dnal2 (6, 7, 31, 48) are
temperature-sensitive alleles that prevent replication initiation at the nonper-
missive temperature. The transposon insertions Tn9/7QHU163, Tn917QHU151,
and zhb83::Tn917 are linked to dnaA, dnaD, and the dnaB-dnal operon, respec-
tively. The oriC deletion mutation (Fig. 1) removes DnaA binding sites and part
of the DUE between dnaA and dnaN (1, 28). The heterologous origin, oriN, and
its initiator, repN, support replication in the absence of oriC and dnaA (20) and
were integrated into spolllJ (1).

Media and growth conditions. Cells were grown at 30°C in defined minimal
medium (26) with 1% glucose, 0.1% glutamate and were supplemented with
required amino acids. For the inactivation of the various replication initiation
proteins by means of temperature-sensitive alleles, appropriate strains were
shifted to the nonpermissive temperature (48°C for dnaB134 and dnaD23, 50°C
for dnal2, and 52°C for dnaAI) for 1 h. This allows ongoing rounds of replication
to finish but prevents the initiation of a new round of replication from oriC.
Replication elongation was arrested by adding 6-(p-hydroxyphenylazo)-uracil
(HPUra) to a final concentration of 38 wg/ml to exponentially growing cells for
30 min. HPUra binds to the catalytic subunit (PolC) of DNA polymerase and
blocks replication (4).

Chromatin immunoprecipitation (ChIP)-chip. DNA microarrays contained
almost all of the open reading frames of B. subtilis as well as 265 intergenic
regions (3). They did not contain rRNA or tRNA genes and would not detect the
recently described DnaA-independent association of DnaD, DnaB, and helicase
with TRNA loci (42a). Details about the microarray have been deposited in
NCBI's Gene Expression Omnibus (14) and are accessible through GEO plat-
form accession number GPL10707.

Chromatin immunoprecipitation, DNA labeling, and subsequent hybridization
to DNA microarrays were performed essentially as described previously (3).
Briefly, cells were harvested from 50 ml of culture. After the pellets were washed
with ice-cold phosphate-buffered saline (PBS), cells were lysed in 2.5 ml buffer A
for 45 min at 37°C. Subsequently, 2.5 ml 2X IP buffer (0.1 M Tris-HCI, pH 7, 0.3
M NaCl, 10 mM EDTA, 0.02% [vol/vol] Triton X-100) was added and lysates
were sonicated. Aliquots of 1 ml of each lysate were incubated with the appro-
priate antibodies as described previously (58). Results from the array hybridiza-
tions were analyzed using the Prep + 07 processing package (42), and data from
three independent biological replicates were averaged and plotted using Mi-
crosoft Excel. Figures were further prepared in CoreIDRAW Graphics Suite X4.
The microarray data have been deposited in NCBI’s Gene Expression Omnibus
(14) and are accessible through GEO Series accession number GSE23686 (http:
//www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23686).

ChIP-qPCR. Chromatin immunoprecipitation followed by quantitative real-
time PCR (qPCR) was performed essentially as described previously (58), except
that immunoprecipitations from cross-linked lysates were done either for 2 h at

BINDING OF HELICASE LOADER PROTEINS IN B. SUBTILIS 641

room temperature or overnight at 4°C. Results from the two conditions were
indistinguishable (data not shown). Primers for amplifying the oriC region in the
oriC deletion mutants were HM41 (5'-GGATTGATTTCACACAGCTTGTGT-
3") and HM42 (5'-CTTCCGGCACGTCCCTCCTT-3"), and yhaX was used as a
control locus (18) using primers oWKS-145 (5'-CGAGCAAGGTGTCGCTTA-
3") and oWKS-146 (5'-GCAGGCGGTCATCATGTA-3").

Purification of DnaA and DnaD. (i) DnaA. An E. coli dnaA null mutant that
overproduces wild-type (untagged) B. subtilis DnaA was constructed and kindly
provided by A. Valbuzzi and W. F. Burkholder. pAV13 contains B. subtilis dnaA
cloned between the Ncol and BglII sites of pQE60 (Qiagen). dnaA is expressed
from a strong phage TS5 promoter with lac operators. The plasmid is contained
in E. coli strain MS3898 [AdnaA zia::pKN500(mini R1) asnB32 relAl spoTI
thi-1 ilv192 madl recA1 \imm*** F~] (60) that contains pBB42, a derivative
of pACYC184 that expresses laclf.

DnaA was purified essentially as described previously (15). E. coli cells were
grown in 4 liters of LB medium with isopropyl-B-p-thiogalactopyranoside
(IPTG) (1 mM) to induce the expression of dnaA. Cells were pelleted and
resuspended and then lysed in 20 ml lysis buffer (25 mM HEPES, pH 7.6, 80 mM
KCl, 1 mM EDTA, 20 mM spermidine, 2 mM dithiothreitol [DTT]) with 0.3
mg/ml lysozyme and a cocktail of protease inhibitors (Sigma P-8849) for 30 min
on ice, followed by freezing and thawing. The cleared supernatant was precipi-
tated with solid ammonium sulfate (0.35 mg/ml) for 30 min. The precipitate was
centrifuged and resuspended in loading buffer containing 10 mM sodium phos-
phate, pH 7.6, 0.5 mM EDTA, 10 mM Mg acetate, 100 mM NaCl, 1 mM DTT,
and 10% glycerol. This was passed through a PD-10 desalting column and then
loaded onto a 5-ml HiTrap heparin column (GE Healthcare) that had been
equilibrated with the same buffer. The column was washed with 50 ml of loading
buffer, and DnaA was eluted with increasing NaCl concentrations, ranging from
200 to 900 mM in 100 mM increments. DnaA-containing fractions, as deter-
mined by SDS polyacrylamide gel electrophoresis, were concentrated and resus-
pended in storage buffer containing 45 mM HEPES, pH 7.6, 0.5 mM EDTA, 10
mM Mg acetate, ] mM DTT, and 20% sucrose, with 100 mM potassium gluta-
mate (KGlu). DnaA was loaded onto a Q column and eluted with storage buffer
containing 1 M KGlu. DnaA purity was determined by SDS-PAGE, and fractions
with >95% pure DnaA were pooled, concentrated, and frozen in storage buffer
containing 500 mM KGlu.

(ii) DnaD. B. subtilis dnaD was cloned between the BamHI and Xhol sites in
pET21(+) (Novagen) to generate plasmid pCAL769. This plasmid was intro-
duced into E. coli strain BL21-Al (Invitrogen) and produces DnaD with a
C-terminal hexahistidine tag (DnaD-his6). Cells were grown in 500 ml of LB
medium with 0.2% arabinose (to induce the expression of T7 RNA polymerase)
and 1 mM IPTG (to induce the expression of the promoter driving dnaD-his6),
harvested, and pelleted. DnaD-His6 was purified essentially as described previ-
ously (40). Cells were resuspended in 10 ml of HEN500 buffer (20 mm HEPES,
pH 7.6, 0.1 mm EDTA, 500 mm NaCl, 10 mM imidazole) and broken by
sonication. The cleared supernatant was incubated with 1 ml of nickel-nitrilotri-
acetic acid (Ni-NTA) beads for 1 h. The protein was eluted from the Ni-NTA
beads by the addition of 500 mM imidazole. DnaD-His6 was diluted 5-fold with
buffer Q50 (buffer Q is 50 mM Tris, 0.1 mM EDTA, 1 mM DTT, pH 8§,
supplemented with 50 mM NaCl) and applied to a Q column equilibrated with
Q50 buffer. DnaD-His6 was eluted with increasing NaCl concentrations (from
200 to 800 mM in increments of 100 mM) in Q buffer. DnaD-containing fractions
were diluted 5-fold and bound to a HiTrap heparin column equilibrated with
buffer Q50. DnaD-His6 was eluted with increasing NaCl concentrations (be-
tween 200 and 500 mM, in increments of 100 mM) in Q buffer. The fractions
containing DnaD visible on SDS-PAGE were dialyzed against DnaA storage
buffer containing 500 mM KGlu.

Gel shift assays. The DNA template for the gel shift assays was an end-labeled
135-bp fragment containing five DnaA binding sites from the dnaA promoter

TABLE 1. B. subtilis strains used

Strain Relevant genotype Reference
JH642 trpC2 pheAl
KPL69 dnaB134(Ts)zhb83::Tn917 (mils) 55, 64
KPL73 dnaD23(Ts)-Tn917QHU151 (mls) 18, 37, 55
KPL147 dnal2(Ts)-zhb83::Tn917 (mls)
WKS588 dnaAI1(Ts)-Tn917QHU163 (mls) 58

sacA::(PrpsF-ssb-myc kan)

MMB170 trp™ spolllJ::(oriN repN kan) AoriC-6 1
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FIG. 2. Genome-wide binding of DnaA, DnaB, DnaD, and the replicative helicase (DnaC). Strain JH642 was grown to mid-exponential phase
and treated with HPUra for 30 min. DnaA (A), DnaD (B), DnaB (C), and helicase (D) were immunoprecipitated from cells after being
cross-linked with formaldehyde. The enrichment of a given chromosomal region in the immunoprecipitates compared to total genomic DNA is
plotted on the y axis relative to the chromosomal position on the x axis. The position of oriC is set as 0. Data represent averages from three
independent biological replicates. These data are consistent with previous findings (3), although in the previous work cells were treated with HPUra
for 60 min and the effects on the association of DnaA generally were greater than those detected here. Arrows indicate the location of characterized

target sites of DnaA (3, 18, 25).

region. The fragment was generated by PCR using primers OCB67 (5° AACT
CTTGATTACTAATCCTACC 3') and OCB68 (5" ATATAGTAGATAAATA
GCTTTTCG 3') and B. subtilis chromosomal DNA as the template. The PCR
product was purified with a PCR purification column (Qiagen) and end labeled
with [y-*2]P-ATP using T4 polynucleotide kinase. The labeled DNA fragment
then was separated from free ATP using a PCR purification column (Qiagen).

Conditions for the gel shift assays were performed essentially as described for
DnaA (15). DnaA (50 nM) was incubated with 1 nM DNA in buffer containing
45 mM HEPES, pH 7.6, 50 mM KCl, 100 mM KGlu, 10 mM Mg acetate, 2.5 mM
AMP-PNP, 0.5 mM EDTA, 1 mM DTT, 50 pg/ml bovine serum albumin (BSA),
and 20% glycerol. Binding reactions were done with or without DnaD-His6 (300
nM) for 20 min at room temperature. The binding reactions were run on a 6%
polyacrylamide gel (19:1 acrylamide/bisacrylamide) in 0.5X Tris-borate-EDTA
(TBE) and 2.5% glycerol run in 0.5X TBE at approximately 12 V/cm for 3 h.
Gels were imaged on a Typhoon scanner (GE Healthcare).

RESULTS

DnaD and DnaB are associated with chromosomal regions
bound by DnaA. We performed chromatin immunoprecipita-
tion (ChIP) assays using polyclonal antibodies against DnaA
(Fig. 2A), DnaD (Fig. 2B), and DnaB (Fig. 2C), essentially as
described previously (58). DNA from the immunoprecipitates
was labeled and hybridized to DNA microarrays (ChIP-chip)
containing probes for almost all open reading frames (but not
rRNA and tRNA genes) and 265 intergenic regions (3). The
association of DnaA with its secondary targets is higher during

replication stress than during normal growth (3, 18), and these
conditions were likely to increase the ability to detect other
associated proteins. Wild-type B. subtilis cells were grown in
defined minimal medium, and replication stress was induced by
inhibiting the replicative polymerase PolC by the addition of
HPUra for 30 min.

As expected, DnaA was detectably associated with oriC and
several of its secondary targets under these conditions (Fig. 2A
and 3 and Table 2). In addition to oriC, there were four pre-
dominant regions, along with ygeG-sda, detected in the ChIP-
chip experiments, which is consistent with previous results (3,
11, 25). There was an approximately 2- to 4-fold increase in the
association of DnaA with the secondary chromosomal regions,
and a greater increase in association near oriC, during repli-
cation stress compared to that during exponential growth (Ta-
ble 2). These results are consistent with previous findings (3).
As reported previously (3, 18), these regions are characterized
by a cluster of at least nine sequences that match the consensus
DnaA binding site (allowing for one mismatch). These clus-
tered sites are not known to have a conserved arrangement.

We did similar ChIP-chip experiments with antibodies to the
helicase loader proteins DnaD (Fig. 2B) and DnaB (Fig. 2C).
We were not able to reliably immunoprecipitate Dnal under
our experimental conditions, likely because the association of
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FIG. 3. Detailed view of specific chromosomal regions bound by DnaA, DnaD, and DnaB. Data from Fig. 2 are replotted to show the
association of DnaA (filled diamonds), DnaD (gray squares), DnaB (open triangles), and helicase (dotted lines) with specific chromosomal regions.
Eachy axis is a different scale. Tick marks represent 2-kb intervals. The gene organization is shown above each plot. Regions shown are rpmH-dnaA
(oriC) (A), ywlC-ywIB (B), yydA-yycS (C), ywcl-vpr (D), gep-ydiF (E), and ygeG-sda (F). These regions were chosen for the detailed view based on
previous analyses of genes controlled by DnaA, in vivo analyses of binding, and descriptions of the potential DnaA binding sites (3, 9, 18, 25). Data
represent averages from three independent biological replicates. Error bars are omitted for clarity (standard errors were within 10% of the means).

Dnal with DNA is transient (24, 58). We found that both
DnaD and DnaB were associated with chromosomal regions
outside oriC, and many of these regions appeared to corre-
spond to the regions bound by DnaA (Fig. 2A and 3). As with
DnaA, the association of DnaD and DnaB with these second-
ary (non-oriC) regions was greater during replication stress
than during normal exponential growth (Table 2). From these
experiments, we conclude that DnaD and DnaB are present at

many, if not all, of the secondary (non-oriC) chromosomal
regions that are bound by DnaA. This association might reflect
recruitment by DnaA in a way analogous to that at oriC (58).

The replicative helicase (DnaC) is not associated with DnaD
and DnaB at many of the chromosomal regions. DnaD and
DnaB function in recruiting the Dnal/helicase complex to oriC
and places of replication restart (5-7, 24, 40, 54, 55, 58, 63). We
monitored the association of the replicative helicase (DnaC)



644 SMITS ET AL.

TABLE 2. Enrichment of DnaA targets in immunoprecipitates

Fold increase” (enrichment value, + HPUra/—HPUra) after IP

Region”
DnaA DnaD DnaB DnaC

rpmH-dnaA 8.8 (21.8/2.5) 8.4 (14.3/1.7) 4.6 (7.0/1.5) 17.6 (24.0/1.4)

(oriC)
ywiC-ywlB 3.8 (7.4/20) 3.1(3.6/12) 2.4(24/1.0) 1.2(1.3/1.1)
yydA-yyeS 3.8 (10.4/2.8) 4.3 (7.0/1.6) 3.7(4.6/1.2) 1.3(1.9/1.5)
ywel-vpr 3.5(14.8/4.2) 3.4(10.3/3.1) 4.1(6.8/1.7) 1.8(2.1/1.2)
gep-ydiF 2.6 (4.0/1.5) 25(26/1.1) 2.2(2.0/0.9) 1.1(1.1/1.0)
ygeG-sda 2.8(2.3/0.8) 1.5(1.51.0) 1.5(1.1/0.7 1.1(0.9/0.8)

“ Data points used for each region are from rpmH (for oriC), ywlB (for ywIC/
B), the intergenic region between yydA and yyc, the intergenic region between
ywel and vpr, ydiF (for gep-ydiF), and sda (for yqeG-sda).

® Fold increase in enrichment of the indicated locus in the specific immunopre-
cipitates, comparing replication arrest (+HPUra) to exponential growth (—HPUra).
The actual enrichment values for each condition are shown in parentheses. Values
are rounded to one decimal place and are averages of ChIP-chip results from three
independent biological cultures, analyzed as described in Materials and Methods.
Data for +HPUra are the same as those shown in Fig. 2 and 3.

with chromosomal regions using ChIP-chip and antibodies to
the replicative helicase (58). During normal exponential
growth, there was some detectable association of helicase with
oriC (Table 2). This association increased markedly after the
inhibition of replication elongation caused by the addition of
HPUra (Fig. 2D, 3A, and Table 2). Notably, the replicative
helicase was not significantly associated with most of the iden-
tified secondary DnaA binding regions, even under conditions
of replication stress (HPUra), when its association with oriC is
high (Fig. 3B to E, Table 2). We cannot rule out the possibility
that there is helicase at these regions, but it is below our limit
of detection. However, the helicase signal at oriC after HPUra
treatment is greater than that for the other three proteins (Fig.
2 and 3A), indicating that if helicase was recruited to these
other regions, then we likely would detect it. We conclude that
the association of DnaA, DnaD, and DnaB with these non-oriC
regions is not sufficient to recruit significant amounts of the
replicative helicase.

It is interesting that the replicative helicase was associated
with several chromosomal regions outside oriC, in regions not
known to be bound by DnaA (data not shown). Among these,
the most notable was the association of helicase with the ter-
minus region during exponential growth (~14-fold enrichment

J. BACTERIOL.

compared to that of most other chromosomal regions), which
is consistent with the function of the replication termination
protein Rtp as an antagonist of helicase (30). This association
was not detectable after treatment with HPUra (Fig. 2D).
Helicase also was associated, to some extent, with other chro-
mosomal regions (these data are available from NCBI's GEO
database [14]). We do not yet know the significance of this
association, but we suspect that it represents regions of repli-
cation fork stalling and/or PriA-dependent restart, perhaps
analogous to that recently described at the rRNA operons
(42a).

Hierarchical association of DnaA, DnaD, and DnaB. At
oriC, there is a hierarchical dependence of the association of
DnaA, DnaD, and DnaB, in that order, prior to the loading of
the replicative helicase (58). We found that there is the same
ordered dependence of the association of DnaA, DnaD, and
DnaB at the secondary chromosomal regions, even though
helicase is not loaded at these regions. We inactivated dnaA,
dnaD, dnaB, or dnal using temperature-sensitive alleles and
determined the association of DnaA, DnaD, and DnaB with
the secondary DnaA targets yydA (Fig. 4A) and ywlC (Fig. 4B)
using ChIP and quantitative real-time PCR (ChIP-qPCR), es-
sentially as described previously for the oriC region (58). The
association of DnaA with these regions was independent of
dnaD, dnaB, and dnal (Fig. 4). That is, DnaA was associated
with these regions in dnaD(Ts), dnaB(Ts), and dnal(Ts) mu-
tants at nonpermissive temperatures. This association at high
temperature in the replication-temperature-sensitive mutants
was greater than that following treatment with HPUra, which
is consistent with previous findings (3). The association of
DnaD was independent of DnaB and Dnal but was reduced in
the dnaA(Ts) and dnaD(Ts) mutants. The association of DnaB
was reduced in all mutants except dnal(Ts) (Fig. 4). These
results show that the helicase loader proteins DnaD and DnaB
are recruited to the secondary targets of DnaA in the order
DnaA, DnaD, then DnaB, the same ordered dependence as
that at oriC (58).

ChIP experiments represent a population average of protein
association. When multiple proteins are associated with a given
region, they all could be there together, or different proteins
could be associated separately in different subpopulations of
cells. The association of DnaA was required for the association
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FIG. 4. Hierarchy in the association of DnaA, DnaD, and DnaB with chromosomal regions. Temperature-sensitive mutants included dnaA(Ts)
(WKS588), dnaD(Ts) (KPL73), and dnaB(Ts) (KPL69). Cells were grown in defined minimal medium at 30°C and shifted to the nonpermissive
temperature (see Materials and Methods) for 1 h to inactive the mutant protein and allow ongoing rounds of replication to finish. The relative
enrichment of yydA (A) and yw/C (B) after cross-linking and the immunoprecipitation of the indicated proteins, DnaA (black bars), DnaD (light
gray bars), and DnaB (dark gray bars), was determined. Error bars represent standard errors of the means from three independent cultures.
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FIG. 5. Association of DnaA, DnaD, and DnaB at chromosomal

loci is independent of replication from oriC. The oriC mutant strain

MMB170 (oriN AoriC-6) was grown in defined minimal medium at

30°C, and the relative enrichment of the oriC region, oriN, yydA, and

ywlC was determined by quantitative real-time PCR after cross-linking

and the immunoprecipitation of DnaA (black bars), DnaD (light gray

bars), and DnaB (dark gray bars). Note the different scales for the

DnaA IP compared to those for DnaD and DnaB. Error bars represent
standard errors of the means (n = 3).

of DnaD, and DnaD was required for DnaB, indicating that all
three proteins are present together. It is formally possible that
DnaA is needed to recruit DnaD and DnaB and then DnaA is
no longer present in the region, but we think this is unlikely.

Association of DnaA, DnaD, and DnaB with secondary chro-
mosomal regions does not depend on replication from oriC.
We considered the possibility that a complex of DnaA, DnaD,
and DnaB assembles at oriC and subsequently is recruited to
the secondary sites in a replication-dependent manner, possi-
bly through the postulated association of DnaA with the repli-
some (59). To test this, we measured the association of DnaA,
DnaD, and DnaB with the secondary regions in a strain with-
out a functional oriC. The chromosomal origin of replication of
B. subtilis can be inactivated when a heterologous origin (oriN)
is provided elsewhere in the chromosome (1, 20, 28). Replica-
tion from oriN requires a dedicated initiator protein, RepN, is
dependent on DnaD, DnaB, and DnaC (the replicative heli-
case), but is independent of DnaA (20).

We used ChIP-qPCR to measure the association of DnaA,
DnaD, and DnaB with the secondary regions yydA and ywlC,
the mutant oriC region, and oriN in the absence of a functional
oriC (Fig. 1). We found that DnaA, DnaD, and DnaB were
associated with the secondary regions yydA4 and yw/C and the
mutant oriC (Fig. 5). The amount of association was greater
than that in wild-type (oriC™) cells, likely due to replication
stress in cells initiating asynchronously from oriN. As expected,
DnaD and DnaB also were associated with oriN, but DnaA was
not (Fig. 5). Based on these results, we conclude that the
association of DnaA, DnaD, and DnaB with the secondary
target sites of DnaA does not depend on replication initiation
from oriC or on the function of DnaA as a replication initiation
protein. These results also indicate that the association of
DnaD and DnaB likely does not require the melting of the
DUE in oriC, as the oriC mutant is missing DUE sequences
(Fig. 1). Since the dnaA promoter region is part of oriC (46,
53), this association is a reflection of DnaA binding to its own
promoter region and part of oriC. It is possible that there is
some melting nearby, but if so, this is insufficient to function as
an origin of replication.
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FIG. 6. DnaA-dependent association of DnaD with DNA. Gel shift
assay of a 135-bp PCR product from the dnaA promoter containing
five DnaA binding sites was incubated either alone (lanes 1 and 6) or
with DnaD (lane 2), DnaA (lanes 3 and 5), or both DnaA and DnaD
(lane 4) and separated on a 6% polyacrylamide gel. Binding reaction
mixtures contained DnaA at 50 nM, DnaD at 300 nM, and DNA at 1
nM final concentrations. We have not yet analyzed the association of
DnaB with these proteins in vitro.

DnaA-dependent association of DnaD with DNA in vitro.
The results presented above indicate that DnaD is recruited to
DNA by DnaA in vivo, and that DnaB is not need for this
recruitment. However, it is not clear if other cellular proteins
are required. To test this, we decided to monitor the associa-
tion of purified DnaD and DnaA with DNA in vitro. We used
a gel mobility shift assay to detect the association of each
protein with a DNA fragment from the oriC region, upstream
of dnaA, that contains five DnaA binding sites but not the
DUE (Fig. 1). The addition of DnaD had no detectable effect
on the mobility of this fragment in a polyacrylamide gel (Fig. 6,
lanes 1, 2, and 6). In contrast, the addition of DnaA (with
AMP-PNP in the reaction) caused a decrease in mobility, in-
dicating the binding of DnaA to the fragment (Fig. 6, lanes 3
and 5). The addition of DnaD along with DnaA caused a
supershift (Fig. 6, lane 4). Similar results were obtained with
ADP, ATP, or no nucleotide in place of AMP-PNP (C. Y.
Bonilla and A. D. Grossman, unpublished results). These in
vitro results are consistent with the DnaA-dependent associa-
tion of DnaD with DNA in vivo and indicate that DnaA and
DNA are sufficient for this association, although we cannot
rule out the participation of other proteins in vivo.

DISCUSSION

We found that the replication initiation and restart proteins
DnaD and DnaB are associated with several chromosomal
regions, not just oriC, and that this association depends on the
replication initiation protein and transcription factor DnaA.
DnaA binds to specific sites located in many chromosomal
regions, some of which are in transcriptional regulatory regions
and affect gene expression (3, 9, 18, 22, 25, 62). Several of the
regions bound by DnaA are readily detected by ChIP-chip (3)
and the analogous ChAP-chip (11, 25). Virtually all of these
regions were associated with DnaD and DnaB (Fig. 2, 3, and
Table 2), and this association was dependent on DnaA. The
binding of DnaA to these regions increases during replication
stress, because DnaA is more active and/or there is more
DnaA per chromosome (3, 18). Similarly, the association of
DnaD and DnaB with these regions also increased during
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replication stress (Table 2). We propose that the association of
DnaA, DnaD, and DnaB at various chromosomal regions is
indicative of a function for these proteins outside oriC and
independent of the function of DnaD and DnaB in replication
restart. Below we summarize the functions of DnaD and DnaB
in replication initiation and restart and discuss possible func-
tions related to their association with DnaA and its binding
sites around the chromosome.

Function of DnaD and DnaB at oriC. dnaD and dnaB are
needed for replication initiation at oriC. They were first iden-
tified in screens for temperature-sensitive mutations that block
replication initiation but not replication elongation (31). Their
characterized role at oriC is to help load the replicative heli-
case (DnaC). First, DnaA binds to sequences in oriC. This
binding is needed for the association of DnaD, which in turn is
necessary for the association of DnaB (58). These events are
necessary for the loading of the replicative helicase by the
AAA+ loader protein Dnal. There might be additional roles
for DnaD and DnaB in chromosome architecture and DNA
remodeling (66, 67).

One of the key steps in replication initiation is open complex
formation; that is, the melting of the DNA unwinding element
(DUE) in oriC and stabilization of the melted region. The
DNA-remodeling activities of DnaD and DnaB might be im-
portant for these processes. In vitro, DnaA, but not DnaD, is
needed for open complex formation (2, 35). The association of
DnaD (and DnaB) with oriC requires DnaA function (58), and
DnaD and DnaB can bind both single- and double-stranded
DNA (40, 61, 66, 67). These findings are compatible with the
possibility that the stable association of DnaD with oriC occurs
after, and may even depend on, DnaA-mediated open complex
formation. However, three lines of evidence from our results
indicate that the association of DnaD with the oriC region does
not depend on origin function or melting. First, in an oriC
mutant largely missing the DUE and incapable of supporting
replication initiation (Fig. 1), there still was the association of
DnaA, DnaD, and DnaB with this region (Fig. 5). Second,
DnaD and DnaB associate with several other chromosomal
regions in a DnaA-dependent manner. These regions do not
function as origins and likely do not undergo melting. Some
are in promoter regions and appear to modulate gene expres-
sion, and others are separate from transcriptional regulatory
regions (3, 9, 18, 25). Third, there is a DnaA-dependent asso-
ciation of DnaD with DNA on a linear DNA fragment. Since
a supercoiled template is needed for DnaA-mediated melting
(2, 35), the linear fragment should not have a melted region.
The simplest explanation for our findings is that the stable
recruitment of DnaD and DnaB to oriC requires DnaA and
occurs independently of the melting of the DUE. We propose
that the ability of DnaD to stimulate DNA looping and duplex
melting (68) contributes to open complex formation at oriC in
vivo, as has been postulated for DnaB (19). In this model,
DnaD might be required for the melting or stabilization of the
DUE in vivo (47), even though it is not required in vitro.

Function of DnaD and DnaB in replication restart. In ad-
dition to their role in loading the replicative helicase at oriC
during replication initiation, DnaD and DnaB (and Dnal) also
are needed for loading helicase during replication restart (5-7,
24, 40, 54, 63). This occurs at various places around the chro-
mosome where replication forks might collapse due to DNA
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lesions or other obstacles on the template. In contrast to rep-
lication initiation at oriC, replication restart does not require
DnaA. Rather, it requires the primosomal protein PriA, which
associates with Ssb at replication forks and functions to recruit
the helicase loading machinery to regions of fork collapse (6, 7,
36, 40, 54).

It seems unlikely that the DnaA-dependent association of
DnaD and DnaB with chromosomal regions is a reflection of
replication restart at these regions. There is no known role for
DnaA in replication restart, and we detected little or no heli-
case at these chromosomal regions. In contrast, there is a
strong and detectable association of the replicative helicase
with oriC during replication initiation in vivo (55, 58). Recent
work indicates that highly transcribed rRNA genes are hot-
spots for replication fork stalling and restart (42a). The stalling
and restart likely are due to conflicts between the replisome
and RNA polymerase and result in the increased association of
the replicative helicase and the restart proteins DnaD and
DnaB with these regions. This association does not depend on
DnaA (42a), making it mechanistically different from the as-
sociation described here.

Possible functions for the DnaA-dependent association of
DnaD and DnaB with chromosomal regions. We considered
several possible functions of DnaA, DnaD, and DnaB away
from oriC. The function of DnaD and DnaB at the DnaA
binding regions might be related to their DNA remodeling
activities (10, 57, 61, 66-68). For example, DnaA could recruit
DnaD and DnaB to the DnaA binding regions around the
chromosome, and these regions could serve as hubs for an
aspect of chromosome organization. This model is highly spec-
ulative, and we currently favor two other possibilities. DnaD
and DnaB might function to modulate the activity of DnaA or
affect the transcription of the genes regulated by DnaA. For
example, DnaD and/or DnaB might be involved in inhibiting
the activity of DnaA after the transcriptional response to rep-
lication stress (3, 17, 18). Alternatively, the secondary binding
regions might serve as reservoirs for DnaA, DnaD, and DnaB
to titrate excess protein away from oriC to help modulate
origin activity. This could be analogous to the proposed func-
tion of the datA locus of E. coli (33, 44). These possibilities are
not mutually exclusive. It also is possible that the association of
DnaD and DnaB with DnaA at chromosomal regions outside
oriC serves no physiological function and is simply a reflection
of the interactions between these proteins. We do not favor
this possibility.

Most of what we know about the regulation of the activity of
DnaA comes from work with E. coli (reviewed in reference 29).
However, many of the proteins and mechanisms so well stud-
ied in E. coli, e.g., Hda and RIDA, and the sequestration
protein SeqA (29, 32, and references therein), do not exist
outside the proteobacteria, and they certainly do not exist in B.
subtilis (32, 65). YabA is one of the better characterized reg-
ulators of replication initiation and DnaA in B. subtilis (11, 17,
21, 51, 52, 59). YabA does not have a homolog in E. coli. Like
Hda, YabA interacts with DnaA and DnaN and is a negative
regulator of replication initiation (51, 52). However, it is not
required for the transcriptional response to replication stress
and does not appear to significantly affect the expression of
genes controlled by DnaA (17).

Based on their interactions in vivo and in vitro, DnaD and/or
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DnaB could modulate the activity of DnaA. The binding of
DnaA to several of its targets increases during replication
stress (3), likely at different times during the replication cycle
(62). DnaD and DnaB are not needed for the binding of DnaA
or for the increase in binding during replication stress (3, 18).
However, DnaD and DnaB might be involved in the recovery
from replication stress, perhaps by antagonizing the activity of
DnaA. We have not yet detected an effect of DnaD or DnaB
on the activity of DnaA in vitro. In addition, experiments to test
this in vivo are complicated by the fact that DnaD and DnaB
are essential proteins needed for replication initiation, and
mutations in these actually induce a replication stress response
that causes the increased binding of DnaA to DNA and DnaA-
mediated changes in gene expression (3, 18, 37).

Maintaining the proper amount of DnaA is critical for
proper replication control (29, 32). In E. coli, a site called datA
is thought to serve to titrate excess DnaA away from oriC to
help maintain proper replication control (33, 44, 45). Although
regions that function similarly have not been defined in other
organisms, one or more of the DnaA binding regions in B.
subtilis could serve a similar function. Furthermore, the over-
production of DnaD is toxic (41). The association of DnaA,
DnaD, and DnaB with several chromosomal regions outside
oriC might represent a conserved strategy to help maintain
proper replication control by titrating replication initiation
proteins away from oriC.

DnaD and DnaB homologues are found in low-G+C Gram-
positive bacteria, and, where characterized, they are required
for replication initiation (8, 38, 39), and their functions in
replication are almost certainly the same as those in B. subtilis.
We suspect that DnaD and DnaB also are associated with
DnaA outside the oriC region in other organisms, and that
their function outside oriC in these organisms is similar to that
in B. subtilis. E. coli and its relatives do not have homologues
of B. subtilis DnaD and DnaB. However, in E. coli, the AAA+
helicase loader protein (E. coli DnaC) interacts directly with
DnaA (50), indicating that the E. coli helicase loader also
might associate with DnaA at chromosomal regions outside
oriC. Thus, the functions of these DnaA-associated primo-
somal proteins outside oriC might be similar in a wide range of
organisms.
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