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Much of our knowledge of the initiation of DNA replication comes from studies in the Gram-negative model organism Esche-
richia coli. However, the location and structure of the origin of replication within the E. coli genome and the identification and
study of the proteins which constitute the E. coli initiation complex suggest that it might not be as universal as once thought.
The archetypal low-G�C-content Gram-positive Firmicutes initiate DNA replication via a unique primosomal machinery, quite
distinct from that seen in E. coli, and an examination of oriC in the Firmicutes species Bacillus subtilis indicates that it might
provide a better model for the ancestral bacterial origin of replication. Therefore, the study of replication initiation in organisms
other than E. coli, such as B. subtilis, will greatly advance our knowledge and understanding of these processes as a whole. In this
minireview, we highlight the structure-function relationships of the Firmicutes primosomal proteins, discuss the significance of
their oriC architecture, and present a model for replication initiation at oriC.

The Firmicutes are Gram-positive bacteria encompassing three
major classes, Bacilli, Clostridia, and Mollicutes. They have a

relatively low G�C content in their genomes and are morpholog-
ically and physiologically diverse. Rod-shaped bacilli, spherical
cocci, and aerobic, anaerobic spore-forming, and non-spore-
forming bacteria are found in this group. They likely represent the
most ancestral phylum of prokaryotes, with high-G�C-content
Gram-positive and Gram-negative bacteria having diverged from
the Firmicutes at a later stage in evolution (13, 70). Bacillus subtilis
is the best studied of the Firmicutes and is widely considered the
Gram-positive model bacterium, but other bacilli, streptococci,
staphylococci, and clostridia have been extensively studied be-
cause of their medical and industrial importance.

In addition to the universally conserved replication initiation
protein DnaA (32, 65) and the replication restart protein PriA (17,
39), the low-G�C-content Firmicutes generally have two unique
essential genes, dnaD and dnaB, coding for the replication initia-
tion proteins DnaD and DnaB, respectively (Table 1) (note that
DnaB in B. subtilis is unrelated to DnaB in Escherichia coli). In
some cases—for example, in several Mollicutes—there are no dis-
tinct dnaD and dnaB genes, but there is, instead, a single gene
annotated as dnaD-like which may combine both functions. No
homologous proteins are found outside the Firmicutes, suggesting
a replication initiation machinery distinctly different from those
of other bacteria (31). In addition, there are a number of regula-
tory proteins which are not found in the Gram-negative model
organism Escherichia coli, including YabA, Soj, SirA, and Spo0A,
while other regulatory proteins are found in E. coli but not B.
subtilis (these regulatory proteins have been subject to a recent
review [29]). DnaA, DnaD, and DnaB, together with the helicase
loader DnaI (called DnaC in E. coli), the replicative helicase DnaC
(called DnaB in E. coli), and the primase DnaG, constitute the
primosomal machinery in B. subtilis and related low-G�C-con-
tent Gram-positive bacteria (Table 1). Their primosomal activity
was first described by the dependency of a single-stranded initia-
tion site, ssiA, on these proteins to prevent accumulation of single-
stranded DNA during rolling circle plasmid replication in B. sub-
tilis and Staphylococcus aureus (7). During initiation of

chromosomal replication in B. subtilis, they assemble at the origin,
oriC, in a strictly hierarchical manner, starting with the association
of the master replication initiation protein DnaA with oriC and
the sequential recruitment of DnaD, DnaB, the DnaI-DnaC com-
plex, and, finally, DnaG to complete the active primosome (9, 25,
36, 62, 72). The same ordered association of these proteins loads
the replicative helicase during replication restart at sites other than
oriC in a DnaA-independent but PriA-dependent manner (8, 9,
36, 41, 64). Also in Staphylococcus aureus, dnaD, dnaB, and dnaI
were found to be important for replication initiation and restart
(33, 34), though detailed information on the hierarchy in these
processes is not available.

MODULAR ARCHITECTURE OF THE DnaD AND DnaB
PROTEINS

Bioinformatics analyses through hidden-Markov-model-based
techniques revealed that DnaD and DnaB are structurally related
(37). They have a modular architecture comprising two domains
termed DDBH1 and DDBH2 (for DnaD DnaB homology 1 and 2,
respectively). B. subtilis DnaD comprises two-domain DDBH1-
DDBH2 architecture, whereas DnaB comprises three-domain
DDBH1-DDBH2-DDBH2 architecture, with the middle DDBH2
domain being degenerate (20, 37, 46) (Fig. 1A). Atomic force and
electron microscopy of B. subtilis DnaB revealed a tetrameric ring
structure with one face of the ring comprising the DDBH1 do-
mains forming a closed ring and the opposite face comprising the
DDBH2 domains forming an open ring (46, 81).

Two crystal structures of DDBH1 from the B. subtilis (PDB
accession code 2V79) and Geobacillus kaustophilus (PDB acces-
sion code 2vn2) DnaD proteins revealed a typical winged-helix
(WH) fold with two structural extensions, a helix-strand-helix at
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the N terminus, and a single helix at the C terminus (24, 59) (Fig.
1C). The structures revealed the formation of dimers and tetram-
ers via the strands of the helix-strand-helix (Fig. 1C). These N-ter-
minal extensions form a small �-sheet in the dimer which then
tightly interacts with another �-sheet from a second dimer, form-
ing a striking threonine tetrad in the tetramer (59). Although a
model has been proposed for a DDBH1 dimer interacting with
double-stranded DNA via the WH fold (24), only a very weak
interaction of DDBH1 with DNA has been detected by single-
molecule atomic force spectroscopy experiments (82). This weak
DNA binding is likely to be a residual DNA-binding activity of the
WH fold and physiologically insignificant. Instead, the WH fold
seems to be involved in higher-order oligomerization, rather than
DNA binding, as the DDBH1 domain of B. subtilis DnaD forms
large scaffolds. Indeed, the WH of B. subtilis DnaD is pronounced
and relatively long compared to WH motifs in other proteins, and
a truncation of the wing resulted in defective higher-order te-
tramer-tetramer interactions (59). Hence the WH of DDBH1 is
somewhat related to the structurally homologous WH (21, 59, 68)
that mediates oligomerization of the ESCRT II domains of the
ESCRT (endosomal sorting complex required for transport) ma-
chinery involved in membrane deformation and scission in cyto-

TABLE 1 Comparison of proteins involved in replication initiation in
the two model organisms Bacillus subtilis and Escherichia coli

Function

Name(s) of protein(s) of the indicated type
in each organism

B. subtilis E. coli

Replication initiation protein DnaA DnaA
Replicative helicase DnaCa DnaBa

Helicase loader DnaIa DnaCa

Primase DnaG DnaG
Accessory/remodeling protein DnaB,a,b DnaDb

Accessory protein DiaA
Remodeling factor IHF, Fis
Histone-like protein HBsu HU1, HU2
Regulatory protein Hda, SeqA
Regulatory protein YabA, Soj, SirA, Spo0A
Primosomal protein PriA PriA
Primosomal accessory protein PriB, PriC, DnaT
a For historical reasons, the B. subtilis replicative helicase is called DnaC and the helicase
loader is DnaI. B. subtilis DnaB and DnaC are unrelated to the E. coli DnaB and DnaC.
b In several of the Mollicutes, there are not separate DnaB and DnaD proteins; there is a
single DnaD-like protein which may combine functions from both.

FIG 1 Modular architecture of DnaD and DnaB. (A) Domain structure of DnaD and DnaB. The extents of the DDBH1 and DDBH2 homology domains are
shown, and the position of the conserved sequence YxxxIxxxW is marked in the DDBH2 domains. The pink DDBH2 domain of DnaB is a degenerate domain
with a degenerate YxxxIxxxW motif (Y239LYGIDPLQ247). (B) Structure of the DnaD DDBH2 domain. Ribbon structures of the DnaD C-terminal domains from
Enterococcus faecalis (PDB code 2I5U) (i), Streptococcus mutans (PDB code 2ZC2) (ii), and B. subtilis (iii). (iv) The residues of the conserved motif YxxxIxxxW
are shown in red. Surface representation of the B. subtilis DnaD C-terminal domain, showing the conserved motif YxxxIxxxW in red. (C) Structure of the DnaD
DDBH1 domain. Ribbon structures showing the Bacillus subtilis DnaD N-terminal domain as a monomer (i), dimer (ii), and tetramer (iii and iv) and the
Geobacillus kaustophilus DnaD N-terminal domain as a monomer (v), dimer (vi), and tetramer (vii and viii). The winged-helix (WH) fold is identified on the
monomer structure and is shown in the darker color in all representations.
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kinesis (1). It remains to be established whether DnaD plays an
additional role in cell division.

Strong single-stranded and double-stranded DNA-binding ac-
tivities reside in the DDBH2 domains of B. subtilis DnaD (11) and
DnaB (20), suggesting that the DDBH2 domain, rather than the
DDBH1 domain, is responsible for DNA binding in replication
initiation proteins in Firmicutes. DDBH2 is annotated in Pfam as
the DnaB_2 family (accession number PF07261). It is found in
many bacterial and phage proteins of unknown function. In sev-
eral cases, two DDBH2 domains are in tandem or linked to other
domains, such as Rep_3 (PF01051), TrmB (PF01978), IstB_IS21
(PF01695), and others. In fact, 16 different architectures that in-
clude one or more DDBH2 domains are listed in Pfam. Two crys-
tal structures of DDBH2 from DnaD homologous proteins from
Streptococcus mutans UA 159 (PDB accession code 2ZC2) and
from Enterococcus faecalis (PDB accession code 2I5U) have been
deposited by the Midwest Center for Structural Genomics (Fig.
1B). Based upon the former, a structural model for the B. subtilis
DDBH2 domain of DnaD was built and verified by nuclear mag-
netic resonance (NMR) (37) (Fig. 1B). Bioinformatics analyses,
combined with protein NMR, mutagenesis, and genetic comple-
mentation studies, revealed that a highly conserved sequence mo-
tif within DDBH2, YxxxIxxxW, together with an unstable �-helix
and part of a flexible C-terminal region, contributes to DNA bind-
ing (37) (Fig. 1B). Binding of DDBH2 to DNA induces the forma-
tion of high-order oligomers (11). Interestingly, the cyanobacte-
rial Ftn6 protein, which functions in the recruitment of FtsZ and
regulates assembly of the Z ring during cell division, has a 77-
amino-acid N-terminal domain structurally homologous to
DDBH2 (35).

INTERACTIONS WITH DNA DURING REPLICATION
INITIATION/REINITIATION

The B. subtilis DnaD and DnaB proteins possess DNA-remodeling
activities. DnaB laterally compacts DNA (81), while DnaD bends
DNA, eliminates writhe, and converts it to negative twist, i.e.,
duplex unwinding (71, 80, 81, 82). Binding of the DnaD DDBH2
to DNA untwists the double helix, whereas the scaffolds formed
via the DDBH1 interactions appear to reinforce the helix-untwist-
ing activity by forming anchorage points for the DDBH2-DNA
complexes (80, 82). As DnaD interacts directly with DnaA (26), it
is attractive to speculate that the duplex untwisting activity of
DnaD may enhance or stabilize the melting of the chromosomal
origin, oriC, through an oriC-DnaA-DnaD complex during initi-
ation of DNA replication.

It is not immediately obvious how the lateral DNA compaction
activity of DnaB contributes to its putative function in a dual-
helicase-loader system with DnaI (25, 72). Its association with
oriC is dependent on a disordered C-terminal region (20) which
may be subject to proteolysis or susceptible to degradation in a
growth phase-dependent manner. Truncated DnaB is depleted
from the B. subtilis oriC, while intact DnaB binds to oriC asym-
metrically at the DNA-unwinding element (DUE) half, consistent
with a role in helicase loading (20). Whether this is regulatory
proteolysis and, if so, how it occurs is not clear. However, it might
affect the double-stranded DNA-binding site located near the C
terminus (between residues 365 and 428) that encompasses a
strictly conserved YxxxIxxxW motif (residues 374 to 382) shown
to be important in DNA binding in DnaB (our unpublished data)
and DnaD (20, 37). DnaB interacts with DnaD (9, 56, 57) and with

the replicative helicase DnaC (72). The latter interaction is also
preserved when DnaC is in complex with the helicase loader DnaI
(72), and DnaB may therefore act to bridge the oriC-DnaA-DnaD
complex with the DnaC-DnaI complex during replication initia-
tion. Loading of DnaC appears to be mediated by a ring assembly
mechanism rather than through a preformed ring opening-clos-
ing mechanism, and DnaB is essential in this process, acting in a
dual-loader system together with DnaI (25, 65, 72). Their func-
tional cooperation is reflected by the genetic juxtaposition of the
two genes within the same operon (6, 20).

FUNCTIONS RELATED TO DnaA

At least in B. subtilis, DnaD and DnaB are recruited to DnaA-
binding sites outside the chromosomal origin of replication,
whereas the DnaC helicase is not (63). The hierarchy at these
secondary sites is conserved, with DnaA binding first and DnaD
and DnaB binding thereafter (63). Though it is possible that the
recruitment of the primosomal proteins is a consequence of their
functional interaction at oriC, it is equally conceivable that this
may serve a regulatory role. DnaA can act as a transcription factor
at the secondary sites (5, 19), and perhaps the interaction with the
primosomal proteins is important for this activity. In E. coli, the
datA locus regulates replication by titrating away replication ini-
tiation proteins, and one can envisage that the secondary sites in B.
subtilis may serve a similar regulatory role under conditions of
replication stress. It remains to be established whether DnaD and
DnaB also interact with DnaA at secondary sites in other organ-
isms.

MEMBRANE ATTACHMENT

It has long been known that DNA replication in bacteria is a mem-
brane-associated process (38), and the association of oriC with the
membrane appears to be critical for replication initiation (4). In E.
coli, DnaA is thought to bind directly to membranes (18, 54),
although membrane association of oriC is mediated primarily via
SeqA and SeqB (60). In contrast, membrane association in B. sub-
tilis is dependent on DnaB (23, 66, 74), and there is no evidence for
a direct association between DnaA and the membrane. Western
blotting studies revealed that DnaB colocalizes with the mem-
brane after fractionation (20, 56), and a mutation in dnaB that
suppresses temperature sensitivity of dnaD and dnaB mutant cells
was found to constitutively recruit DnaD to the membrane (56).
No in vivo growth-dependent degradation of the C-terminal part
of membrane-bound DnaB was observed, in contrast to cytosolic
DnaB, for which degradation caused depletion from oriC (20). Its
C terminus therefore seems protected in membrane-associated
DnaB, and it is likely that this region contains the site of mem-
brane attachment. Localization studies of green fluorescent pro-
tein fusions of DnaB and DnaD by fluorescence microscopy re-
vealed a distinct membrane-proximal location for both proteins
(40). Although DnaD is predominantly cytosolic (20), it has been
proposed that membrane-bound DnaB recruits DnaD to the
membrane, which, in turn, recruits the DnaA-oriC complex to the
membrane, and this provides another level of control for replica-
tion initiation (56).

DNA REPAIR

The abundance of DnaD molecules in vivo, 3,000 to 5,000 mole-
cules per cell for B. subtilis (9), suggests that DnaD may also play
additional roles beyond its essential role in DNA replication. In
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many Firmicutes with dnaD-like genes, including bacilli, lactoba-
cilli, staphylococci, acholeplasma, enterococci, streptococci, and
clostridia, dnaD is juxtaposed in the same operon to an nth gene
coding for an endonuclease III of the Nth/MutY family of DNA
repair endonucleases involved in base excision repair (BER) (14).
Deletion of nth in B. subtilis results in an H2O2-sensitive pheno-
type, whereas the dnaD operon is transiently activated by H2O2 in
both B. subtilis and S. aureus and the dnaD mRNA levels remain
relatively high compared to the marked reduction of the dnaB and
dnaI mRNA levels upon H2O2 treatment (12, 14), suggesting a
possible regulatory link between DnaD and DNA repair. DnaD is
indirectly involved in the Nth-mediated repair of abasic DNA
sites, as it alters the DNA topology, which stimulates the activity of
Nth (14). Furthermore, mutations in S. aureus dnaD result in
sensitivity to the DNA-cross-linking agent mitomycin C and to
UV (33). The latter was correlated with a defect in the elongation
step of DNA replication, likely linked to defects in replication
restart. Based on these findings, it seems reasonable to assume that
across species, DnaD may play a role in DNA repair as well as
replication.

OriC ARCHITECTURE

Chromosomal replication in bacteria starts from a single ori-
gin, oriC. The position of oriC on the bacterial chromosome is
conserved across bacterial species and classes, with most found
in close proximity to the dnaA gene encoding the DNA repli-
cation initiation protein DnaA (49, 77). The genes surrounding
oriC and dnaA are also commonly conserved, consisting of the
gene cluster rnpA-rpmH-dnaA-dnaN-recF-gyrB-gyrA, with
oriC located in an intergenic region adjacent to dnaA (Fig. 2).
DnaA binds to 9-bp conserved sequences, with multiple such
sites forming DnaA-box clusters which are typically found at
the origin as DnaA binds to these regions to initiate replication
(Fig. 3). Origins also contain an AT-rich DUE close to the
DnaA-box clusters where the initial unwinding occurs, allow-
ing the loading of two bidirectional helicases, one on each
strand, around which two complete replisomes subsequently
assemble (65). B. subtilis has the consensus origin gene struc-
ture and has DnaA-box clusters in the intergenic regions both
upstream and downstream of the dnaA gene, i.e., in the rpmH-
dnaA and dnaA-dnaN regions, with the DUE in the dnaA-dnaN
region (45, 47) (Fig. 2 and 3). Both upstream and downstream
DnaA-box clusters are essential for origin function in B. subtilis
(43). The DnaA-box cluster in the promoter region upstream
of the dnaA gene also enables gene expression to be autoregu-
lated: binding of DnaA to this DnaA-box cluster has been
shown to decrease transcription and expression of the dnaA
gene (50). B. subtilis has six other DnaA-box clusters (51, 63),
one of which is close to the dnaA gene, 3 kb upstream in the
thdF-jag intergenic region (77), but they are not essential for
origin function. The consensus origin organization with the
three DnaA-box clusters in B. subtilis is often described as the
primordial DNA replication origin. This makes it an excellent
model for understanding origin structure and regulation.

Replication initiation in E. coli is the most studied system, but
it may not provide a good model for bacteria in general. The origin
in E. coli and in closely related Gram-negative species, including
Vibrio harveyi and Haemophilus influenzae, has undergone a ma-
jor rearrangement so that the functional origin is no longer prox-
imal to the dnaA gene, although the gene organization around

dnaA has been retained (3, 48) (Fig. 2). A small DnaA-box cluster
directly upstream of the dnaA gene is also retained: this has been
shown to enable autoregulation of dnaA expression (2, 73). Gene
analysis suggests that the E. coli origin is related to the nonessential
DnaA-box cluster in the thdF-jag region of the B. subtilis chromo-
some. The Gram-negative bacteria Pseudomonas putida and Pseu-
domonas aeruginosa have their origins immediately upstream of
the dnaA gene, in the rpmH-dnaA intergenic region, and have a
much-shortened dnaA-dnaN intergenic region containing no
DnaA-box clusters (61, 76) (Fig. 2). Interestingly, the DnaA-box
cluster linked to thdF in P. putida and P. aeruginosa can function as
an autonomously replicating sequence (ars) when subcloned onto
a plasmid. The Helicobacter pylori origin region has undergone
considerable rearrangement relative to the consensus, but oriC is
still located directly upstream of the dnaA gene (79) (Fig. 2). The
Gram-positive Actinobacteria (high G�C content) conform to the
consensus origin structure found in B. subtilis. Studies have shown
that the replication origins in Streptomyces coelicolor (10), Myco-
bacterium tuberculosis (53), and Micrococcus luteus (16) contain
DnaA-box clusters in both the rpmH-dnaA and dnaA-dnaN inter-
genic regions, and the site of initiation is in the dnaA-dnaN region
(Fig. 2). However, only the dnaA-dnaN region was required to
achieve a functional origin when subcloned onto a plasmid, al-
though the rpmH-dnaA DnaA-box clusters did have an effect on
origin replication. As before, dnaA transcription was autoregu-
lated by binding of DnaA to DnaA-box clusters in the dnaA pro-
moter (28).

In addition to B. subtilis, the origins of chromosomal replica-
tion from several other Firmicutes have been characterized. The
consensus origin organization was seen in the closely related Ba-
cilli species Streptococcus pyogenes (67) and the more-distantly re-
lated Mollicutes species Mycoplasma capricolum (42) and Spiro-
plasma citri (55, 75). The identification of the minimal ars by
subcloning onto a plasmid showed that both the rpmH-dnaA and
dnaA-dnaN DnaA-box clusters are required for a functional ori-
gin in these bacteria, as is the case with B. subtilis, and it is postu-
lated that this may be a common requirement of all the Firmicutes
replication origins. However, the role of this “split origin” is un-
clear. Electron microscopy studies show that when B. subtilis
DnaA (BsDnaA) was bound to the DnaA-box clusters upstream
and downstream of the dnaA gene in B. subtilis oriC, the two
regions interacted and caused the DNA to “loop” (30). This loop-
ing occurred both with a 2.5-kb linear origin fragment containing
the two DnaA-box clusters separated by the dnaA gene and when
the origin was on a supercoiled circular plasmid. The parallel ex-
periment with a fragment of the E. coli origin showed a similar
result, with loops forming between E. coli DnaA (EcDnaA) bound
to a DnaA-box cluster at the origin and to a DnaA-box cluster
consisting of two DnaA boxes 500 bp downstream of oriC. Sur-
prisingly, EcDnaA was able to bind to the DnaA-box clusters in the
B. subtilis origin to promote looping and at a much lower protein/
origin ratio (20-fold less) than the cognate BsDnaA. In the recip-
rocal experiment, BsDnaA was able to bind to both DnaA-box
clusters in the E. coli origin fragment but could not sustain a
looped structure.

It is unlikely that looping at a split origin is absolutely essen-
tial for DnaA-mediated unwinding of the AT-rich DUE region.
An open complex was observed when BsDnaA bound to a plas-
mid containing B. subtilis oriC with deleted upstream DnaA-
box clusters (30), and experiments in other bacterial systems
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have demonstrated that the DnaA nucleoprotein filament
alone is normally sufficient for the formation of an open com-
plex (15, 52). Of course, this does not directly imply a func-
tional open complex formed by DnaA alone and does not pre-
clude a functional role for the split origin during DUE
unwinding in vivo in B. subtilis and other Firmicutes. It has been
suggested that the looped structures may be part of a regulatory
system for initiation control (78), as observed in the replication
of the plasmid R6K (58). However, the absolute requirement
for both sets of DnaA-box clusters to form a functional plasmid
replication origin would allude to more than a purely regula-
tory function. It may be that the two DnaA–DnaA-box cluster

FIG 3 Map of the B. subtilis oriC region. Positions of the consensus DnaA-boxes
(5=-TTATCCACA-3=) are shown as blue triangles, and DnaA-boxes with one
mismatch are shown as green triangles. DnaA-boxes on the upper and lower
strands are indicated as above and below the line, respectively. The position of
the dnaA promoter and direction of transcription are identified by the bent
arrow. The minimal region required for oriC function covers the three 16-bp
AT-rich sequences upstream of dnaA (small yellow diamonds) to the 27-bp
AT-rich DNA-unwinding element downstream of dnaA (large yellow
diamond).

FIG 2 Conservation of gene organization surrounding the dnaA/oriC region in different bacteria. Open ellipses indicate the DnaA-box clusters which form the
origins of replication. The additional DnaA-box cluster which can function as an ars in P. putida is indicated by a filled ellipse.
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complexes are involved in loading the two replisomes, with one
loading the first replisome on the leading strand and the other
loading the second replisome on the lagging strand. Whatever
the purpose of the split origin, it is unlikely that random diffu-
sion would be sufficient to efficiently bring the distant DnaA
filaments together to form a functional origin in vivo.

The correlation between the conservation of DnaD, a pro-
tein which both interacts with DnaA and bends DNA to form
loops, and the split-origin structure in the Firmicutes may be

more than coincidence, especially in light of recent studies on
the HobA protein of Helicobacter pylori. HobA is a DnaA-bind-
ing protein which is a functional counterpart of diaA in E. coli,
and it has been proposed to form a molecular scaffold onto
which regular oligomers of DnaA can assemble (69). DnaD
may function in a similar manner to bridge the DnaA mole-
cules bound to the DnaA-box clusters in the Firmicutes split
origin, bringing them together to form the functional loop
structure (Fig. 4). In addition, the C-terminal domain of DnaD
binds directly to DNA, enabling it to form a scaffold bridging
different areas of the DNA to create loops and stabilize loops
once they have formed. This would form a functional open
complex at oriC, increase the frequency and stability of loop
formation, and, thus, promote efficient chromosome replica-
tion. This model depends on not only the high intracellular
concentration of DnaD, estimated at 3,000 to 5,000 molecules
per cell (9), but also the efficient targeting of DnaD to the
origin, initially via its interaction with DnaA and then via the
growing DnaD scaffold.

THREE PROTEINS ARE BETTER THAN ONE?

It is interesting to consider why the Firmicutes have the complexity
of the additional proteins DnaB and DnaD and a dual origin when
DnaA alone and a single origin are sufficient for E. coli. The most
likely explanation is that a three-protein system provides addi-
tional levels of regulation and control which may be advanta-
geous. The timing of replication initiation in E. coli appears to be
directly controlled by the levels of intracellular DnaA (29). Recent
studies with a small-cell mutant of E. coli with a delayed replica-
tion cycle showed that increasing DnaA levels alleviated the delay
(22). In contrast, replication initiation was neither delayed in a
small-cell mutant of B. subtilis nor advanced by additional DnaA.
The prevailing opinion is that the DnaA concentration is not the
limiting factor in B. subtilis (44, 48, 51), and increasing intracellu-
lar DnaA may actually inhibit replication (48). If the timing of
replication initiation is no longer directly dependent on DnaA,
then additional factors, such as DnaB and DnaD, may have a role
in controlling this critical process. DnaA may also function as a
master regulator: the expression of 34 genes (including dnaA)
throughout the B. subtilis genome has been shown to be regulated
by DnaA binding at DnaA-box clusters outside the oriC region
(27). These genes include some associated with tolerance to rep-
lication stress, while others are associated with the control of the
sporulation cycle. The fact that DnaB and DnaD are recruited to
many of these sites suggests that they may also modulate DnaA
activity at the non-oriC DnaA-box clusters (63). The additional
levels of control exerted by DnaB and DnaD on DnaA activity,
both at the origin and elsewhere on the genome, may well increase
the ability of Firmicutes such as B. subtilis to thrive in a variety of
environments and respond to a wider range of conditions where E.
coli cannot.
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