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Regulation of the replication cycle:
conserved and diverse regulatory
systems for DnaA and oriC

Tsutomu Katayama, Shogo Ozaki, Kenji Keyamura and Kazuyuki Fujimitsu

Abstract | Chromosomal replication must be limited to once and only once per cell
cycle. This is accomplished by multiple regulatory pathways that govern initiator
proteins and replication origins. A principal feature of DNA replication is the
coupling of the replication reaction to negative-feedback regulation. Some of
the factors that are important in this process have been discovered, including the
clamp (DNA polymerase Il subunit-p (DnaN)), the datA locus, SegA, DnaA
homologue protein (Hda) and YabA, as well as factors that are involved at other
stages of the regulatory mechanism, such as DnaA initiator-associating protein
(DiaA), the DnaA-reactivating sequence (DARS) loci and Soj. Here, we describe the
regulation of DnaA, one of the central proteins involved in bacterial DNA replication,

by these factors in Escherichia coli, Bacillus subtilis and Caulobacter crescentus.

Chromosomal replication must be highly
regulated to ensure that the number of
chromosomes in the cell remains constant.
This means that chromosomal DNA must
be replicated only once per cell cycle. To
ensure that this is the case, bacterial, archaeal
and eukaryotic cells have evolved sophisti-
cated regulatory mechanisms that control
the initiation reaction of chromosomal
replication.

Initiation of DNA replication in all three
domains of life requires the formation of
highly organized nucleoprotein complexes
on the chromosomal replication origin
(oriC) in the DNA'“® (FIG. 1). The formation
of these multimeric complexes is induced by
specific proteins, including DnaA in bacteria
and ORC (origin recognition complex) pro-
teins in eukaryotes. To initiate DNA replica-
tion, the nucleoprotein complex is activated
and undergoes a conformational change
that leads to local unwinding of the duplex
DNAM € (FICS 1;2).

Subsequently, in Escherichia coli the
replicative DNA helicase (DnaB), which
forms a complex with the helicase-loader
DnacC in solution, is loaded onto the single-
stranded region in a manner mediated by

DnaC and oriC-bound DnaA, resulting in
the formation of the prepriming complex®
(FIG. 2). DnaB then migrates along the DNA,
expanding the region of single-stranded
DNA®. DNA primase (DnaG) and the DNA
polymerase III holoenzyme (which consists
of the Pol IIT* subassembly and the clamp,
DNA polymerase III subunit- (DnaN)) are
subsequently loaded onto the DNA to form
the replisome and mediate the synthesis of
primer RNA and complementary DNA,
respectively®” (FIC. 2). Pol IIT* contains the

a Cascade regulation

catalytic centre and the activity required

for loading the clamp, which is a ring-
shaped DNA-binding protein that encircles
the DNA and tethers Pol III* to the DNA®®.
After the synthesis of Okazaki fragments,
the clamp remains loaded on the nascent
DNA (FIC. 2) while Pol IIT* loads another
clamp and mediates the synthesis of the next
Okazaki fragment’.

After the initiation reaction, the initiation
proteins and the origin DNA are inactivated
to prevent re-initiation in the same round of
the cell cycle** (FIG. 1). This process is cou-
pled with the progress of chromosomal rep-
lication and other cell cycle events. In E. coli
and Bacillus subtilis, the main regulatory
mechanism of replication initiation is
a negative-feedback loop that inhibits the
replication reaction, largely by inhibiting
the activity of DnaA”® (FIC. 1).

Similar principles operate in eukaryotic
cells. In addition to the replication-coupled
feedback system (FIC. 1), in these cells
cyclin-dependent kinase (CDK)-dependent
regulatory cascades control the assembly
of proteins at the origin region, the timely
activation of the origin complexes at
S phase entry and the inactivation of the
initiation proteins during S phase, through
changes in CDK activities at various stages
throughout the cell cycle'®*. This is known
as a cascade-type system (FIC. 1).

In this Review, we describe different
levels of regulation of DNA replication in
bacteria, with a focus on the regulation of
the activity of DnaA in E. coli, B. subtilis
and Caulobacter crescentus.
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Figure 1| Regulatory systems for replication initiation in bacteria and eukaryotes. a | In the
cascade type of regulation, the ordered assembly of proteins at the replication origin and the down-
stream events are regulated by a mechanism that is itself controlled by cell cycle progression. The
activated complex must be inactivated in a timely manner so as to repress extra initiation reactions.
b|In the feedback type of regulation, the ordered progression of initiation and inactivation is ensured
by replication-coupled negative-feedback regulation.
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Figure 2 | Model mechanism of initiation at the origin of replication in Escherichia coli. The chro-
mosomal replication origin (oriC) region contains Al-rich repeats, each 13 residues long, and the DnaA-
binding region, which carries high-affinity sites (purple boxes) at each end as well as low-affinity sites
(light-green boxes). The integration host factor (IHF)-binding site (dark green box) is also located in this
region. ATP-DnaA molecules bind the DnaA-binding region with the aid of DnaA initiator-associating
protein (DiaA) tetramers and IHF, which results in multimerization of ATP-DnaA and local duplex
unwinding of the AT-rich region. Replicative DNA helicase (DnaB) in the DnaB-DnaC complex is loaded
onto this single-stranded region in a manner that is dependent on its interaction with DnaA. During this
process, DnaC and DiaA are released from the oriC complex. DnaB expands the single-stranded region,
and DNA primase (DnaG) is loaded and synthesizes primers. DNA polymerase Ill holoenzyme, which
consists of the Pol lII* subassembly and the clamp (DNA polymerase Il subunit-f (DnaN)), is loaded onto
the primed sites and synthesizes the complementary DNA strands. After the synthesis of the Okazaki
fragment, the clamp remains loaded on the DNA, and Pol IlI* loads another clamp molecule onto the
newly primed site to synthesize the next Okazaki fragment. In this figure, only a single replication fork

is shown and single-stranded DNA-binding protein is omitted for simplicity.

Replication initiation in E. coli

The initiation of chromosomal replication
has been best studied in E. coli, both in vivo
and in vitro. The E. coli replication origin,
oriC, has a conserved AT-rich region and

a region carrying multiple DnaA boxes,
which are 9-nucleotide-long sequences
that function as specific binding sites for
DnaA™ (FIC. 2). DnaA is a member of the
AAA+ (ATPase associated with diverse cel-
lular activities) protein family and is highly
conserved in bacterial species'”*. In E. coli,
DnaA forms a tight complex with ATP

or ADP, but only ATP-DnaA can initiate
replication'-*¢. The cellular level of ATP-
DnaA fluctuates during the replication
cycle, with a peak at the time of initiation,
and this fluctuation is used as a means

of regulating the correct timing of DNA
replication'. Initiation of replication from
oriC in vivo® requires DnaA, DnaB and
DnaC; DnaB and DnaC are also required
for the elongation process of in vivo rep-
lication®. Integration host factor (IHF), a
histone-like protein, and DnaA initiator-
associating protein (DiaA) stimulate timely
initiation in a cell cycle-coordinated
manner in vivo*>V (FIG. 2).

Biochemical analysis using reconsti-
tuted systems with purified proteins has
revealed that 10 to 20 ATP-DnaA molecules
bind cooperatively to the DnaA boxes in
oriC“*%7(FIG. 2). The resultant DnaA multi-
mer is suggested to take on a spiral shape,
like those of some well-analysed AAA+
proteins'®”. ATP-DnaA and ADP-DnaA
bind with similar affinity to two DnaA
boxes (called R1 and R4) at the edges of
the DnaA-binding region in oriC"'»!*22,
However, ATP-DnaA binds more efficiently
than ADP-DnaA to additional DnaA boxes
(designated R2, R3 and R5) and derivative
DnaA-binding sites (called I1-13 and t1-12;
these sites reside between the R1 and R4
boxes), even though these sites have a lower
affinity for ATP-DnaA than R1 and R4>'719-2,
ATP-DnaA binding to these low-affinity sites
is crucial for conformational activation of
the resultant complex and for unwinding
of the AT-rich region in oriC, which results
in formation of the open complex'*-! (FIC. 2).

IHF assists in the formation of DnaA
multimers by binding to a specific site
in oriC, leading to bending of the DNA
and enhancing ATP-DnaA binding to
the I1-13 sites*®? (FIC. 2). In addition,

DiaA enhances ATP-DnaA binding to all
low-affinity sites'®!”** (FIC. 2). DiaA forms
homotetramers in solution that bind mul-
tiple DnaA molecules and stimulate DnaA
assembly on oriC". In the initiation com-
plex containing the ATP-DnaA multimer
and DiaA, duplex DNA is unwound at an
AT-rich region in oriC'"*.

DnaA has four functional domains that
are involved in protein—protein and protein-
DNA interactions'? (FIC. 3). In E. coli, DnaA
domain I mediates inter-DnaA interactions,
DiaA binding and loading of DnaB onto
oriC-DnaA complexes* 2. Domain II is an
unfolded, flexible linker region®. Domain III
carries several AAA+ motifs (including
a typical Walker motif and unique ATP-
interacting motifs) and the sites that bind
to single-stranded DNA*'*2-7-%_ The
carboxy-terminal domain IV contains a
helix-turn-helix fold that binds directly and
specifically to DnaA box sequences’**"2.

Regulation of initiation in E. coli

Negative regulation of oriC: binding of
SeqA. The E. coli oriC contains 11 copies of
the sequence GATC. SeqA binding to oriC
and the subsequent inhibition of replication
initiation (FIG. 4a) requires methylation of the
A residues of these motifs by DNA adenine
methylase (Dam)"®**. Semi-conservative
replication results in hemimethylated GATC
sites, which are the preferential binding sites
for SeqA*?** (TABLE 1). The SeqA-binding
region overlaps with the low-affinity DnaA-
binding sites, and SeqA binding to the
hemimethylated DNA inhibits ATP-DnaA
binding*****. In this way, a replication-
coupled negative-feedback loop is generated
that targets oriC and inhibits re-initiation
after a single round of replication (FIG. 4a).
Inactivation of segA causes extra initiations
at a moderate level that does not inhibit cell
growth®. Subcellular localization studies
suggest that SeqA molecules assemble on
the nascent, hemimethylated DNA region
around the replication fork*-*2

Negative regulation of DnaA: transcriptional
repression. E. coli has at least three systems
that negatively regulate DnaA function to
ensure that replication occurs only once per
cell cycle (FIC. 4a; TABLE 1). The first of these
is the repression of dnaA transcription
immediately after replication initiation®.
The dnaA gene is located near oriC, and
immediately after their replication the
multiple hemimethylated GATC sequences
in the gene are bound by SeqA***, which
represses transcription of the gene®™* (FIC. 4a;
TABLE 1). Placing dnaA near the terminus
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Figure 3| Tertiary structures of Escherichia coli DnaA domains. a | The four functional domains

of Escherichia coli DnaA are shown. b | Tertiary

structures of E. coli DnaA domains I-IV. Several

functional regions in each domain are indicated by dotted outlines. DnaA domains I-Il and IV
were obtained from the protein data bank (Protein Data Bank accession codes 2E0G and 1]1V,
respectively). A structural model of E. coli DnaA domain Ill was obtained from the SWISS-

MODEL WORKSPACE using the tertiary struc

ture of Thermotoga maritima DnaA domain Ill

(Protein Data Bank accession code 274S). AAA+, ATPase associated with diverse cellular activi-
ties; C, carboxyl terminus; DiaA, DnaA initiator-associating protein; DnaB, replicative DNA
helicase; N, amino terminus; ssDNA, single-stranded DNA.

(ter) region (which is replicated last) results
in only a moderate level of extra initiations*
and the total cellular DnaA concentration is
not increased®, consistent with the idea that
the timely inhibition of dnaA transcription is
crucial for repressing extra initiations. This
system can reduce the rate of de novo ATP-
DnaA synthesis immediately after replication
initiation, which is important for initiation
repression. As such, this system adds another
layer to initiation regulation that is coupled
with chromosomal replication. In addition,
dnaA is subject to transcriptional autoregula-
tion through the binding of DnaA to DnaA
boxes in the promoter region, which prevents
an over-abundance of DnaA and additional
initiation events*>**® (FIG. 4a; TABLE 1).

Negative regulation of DnaA: regula-
tory inactivation by Hda and the clamp.
The second system of negative regulation
of DnaA is the regulatory inactivation of
DnaA (RIDA) system, which promotes ATP
hydrolysis in a replication-coupled manner
to yield initiation-inactive ADP-DnaA®!*4°
(FIGS 4a;5). As ATP is 10-fold more abundant
than ADP*', most of the newly synthesized
DnaA will bind ATP. Thus, the RIDA system
is required for reducing the ATP-DnaA level
after the initiation of replication.

RIDA is the predominant mechanism
by which E. coli represses excessive initia-
tions®. It requires a complex consisting of

DnaA homologue protein (Hda), ADP and
the DNA-loaded clamp**°. Hda has a clamp-
binding site and an AAA+ domain that inter-
acts with DnaA. This interaction stimulates
the hydrolysis of DnaA-bound ATP*%>%;
cells bearing altered DnaA that is inactive in
ATP hydrolysis exhibit excessive initiation
and growth inhibition, as do cells that encode
mutant Hda**%*>%, Inhibition of dnaA tran-
scription further supports RIDA by inhibit-
ing de novo DnaA synthesis, as mentioned
above'**. Hda is activated by ADP binding,
although how ADP functions remains to be
elucidated®.

The requirement of a DNA-loaded clamp
for RIDA ensures that feedback is coupled to
active replication (FIC. 5). Subcellular locali-
zation studies suggest that clamps co-localize
with replication forks®. The principle of
RIDA (that is, replication-coupled negative
feedback) is widely conserved in bacterial
and eukaryotic mechanisms of initiation
regulation (see below).

Recently, a system for the regenera-
tion of ATP-DnaA from ADP-DnaA was
discovered in E. coli*. Two chromosomal
DNA regions termed DnaA-reactivating
sequence 1 (DARSI) and DARS2 bear three
flanking DnaA boxes. ADP-DnaA oligom-
ers are formed on these sites, promoting
dissociation of ADP from DnaA and sub-
sequent ATP binding in vitro, most likely
through specific structural changes to the
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DnaA in the oligomers (FIC. 4a). DARS1

and DARS?2 are required for the increase in
ATP-DnaA levels and the timely initiation of
chromosomal replication that are observed
in vivo during the cell cycle. The cellular
factors that regulate DARS activity are as

yet unidentified, although there is evidence
for the presence of DARS2-activating pro-
teins*. These factors could couple activation
of DnaA and replication initiation with the
progress of the cell cycle (FIC. 1). Interestingly,
the essential sequence elements in DARS
regions are widely conserved in the genomes
of bacterial species®.

Negative regulation of DnaA: titration

by the datA locus. Titration of DnaA to a
specific site termed datA is the third way of
regulating the initiation function of DnaA.
Approximately 200-300 of the 500-2,000
DnaA molecules present in an E. coli cell can
bind to a unique chromosomal locus known
as datA, effectively preventing them from
functioning at oriC*%* (FIG. 4a; TABLE 1). The
datA locus (~1 kb) contains five DnaA boxes
and a single binding site for IHF, a protein that
stimulates the binding of DnaA molecules®**.

Deletion of datA results in extra initia-
tions at a moderate level that does not inhibit
growth of cells®. The datA locus resides
near oriC, and this location is important for
the repression of extra initiations in rapidly
growing cells®. Titration of DnaA molecules
by datA is enhanced by the nascent copies
of the locus that are duplicated immediately
after initiation at oriC. Thus, repression of
extra initiations by datA in rapidly growing
cells depends in part on chromosomal rep-
lication. In addition, the datA-DnaA com-
plex could interact with the oriC-DnaA
complex and inhibit initiation reactions®.
This type of regulation is proposed for
low-copy number plasmids and is termed
the hand-cuffing model®.

The regulatory method used by datA fits
with the principle of the initiator titration
model®. According to this model, most
DnaA molecules bind to many non-oriC
sites on the chromosome, thereby inhibiting
initiation until the level of DnaA reaches a
threshold. It also hypothesizes that when
the chromosomal non-oriC sites are fully
occupied with DnaA, newly synthesized
DnaA can bind to oriC, forming active
initiation complexes.

There remains some controversy about
the localization of DnaA in the cell. A
recent report by Ogawa and co-workers
showed that foci of a yellow fluorescent
protein (YFP) fusion to DnaA (DnaA-YFP)
are present in the region of oriC that
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Figure 4 | Regulatory systems for chromosomal replication initiation. a,b | Mechanisms in
Escherichia coli and Bacillus subtilis. The initiator protein in bacteria, DnaA, binds to the chromosomal
replication origin (oriC) to trigger DNA replication. DnaA can be bound to ATP (dark red circles) or ADP
(light red circles), but only activates initiation in its ATP-bound form. The DNA polymerase Il subunit-f3
gene (dnaN) encodes the clamp and forms an operon with dnaA. Various methods of controlling DnaA-
ATP concentrations and binding to oriC are shown, along with other mechanisms acting on oriC to
prevent initiation of replication. ¢ | Mechanisms in Caulobacter crescentus. Cell cycle transcriptional
regulator (CtrA) binds to the Caulobacter replication origin (Cori) and inhibits initiation. Degradation
of CtrA (not shown) in a timely manner allows replication only at the correct stage. DnaA-ATP also acts
on Corito initiate replication and may be inhibited by HdaA in a replication-coupled negative-feedback
loop.d | Mechanisms in eukaryotes. Following initiation, the DNA-loaded clamp (proliferating-cell nuclear
antigen (PCNA)) interacts with cullin 4 (Cul4)-DNA damage-binding protein 1 (DDB1) to cause ubiqui-
tylation and degradation of Cdt1, the initiation protein. Regulation mechanism functioning specifically
during sporulation or under starved conditions are omitted in this figure for simplicity. DARS,
DnaA-reactivating sequence;DiaA, DnaA initiator-associating protein; Hda, DnaA homologue protein.
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includes datA®. By contrast, Crooke and
co-workers showed that a DnaA-GFP
fusion protein forms a spiral filament
along the longitudinal cell axis®. In both
studies, DnaA was linked to a fluorescent
protein in domain II and did not induce
extra initiations. It is possible that excess

DnaA might be pooled in both forms —
datA-bound protein and cytosolic spiral
multimers — and that the quantitative
balance between the two pools might
be affected by slight structural differ-
ences between the recombinant DnaA
derivatives.

Recently, a datA mutant was shown to
have a considerable level of extra initiations
that occurred in a rifampicin-resistant
manner, unlike normal initiation in wild-
type cells®®. Rifampicin inhibits transcrip-
tion, which is required for initiation of
replication but not DNA chain elongation
in wild-type cells®. Extra initiations in
datA mutant cells have been detected
in most cases by flow cytometry analysis
using cells that were incubated in the pres-
ence of rifampicin for run-out replication
of the chromosome®. The effect of datA on
repressing extra initiations in growing cells
needs to be further elucidated.

Regulation of initiation in B. subtilis
Negative regulation of oriC: Spo0A and
SirA. B. subtilis lacks seqA and dam ortho-
logues™ but contains several other proteins
that regulate oriC, including Spo0OA and
sporulation inhibitor of replication (SirA).
Spo0A is a global transcriptional regulator
of various genes in stationary phase as well
as a master regulator of sporulation-specific
transcription’’. When B. subtilis sporulates,
initiation of chromosomal replication is
repressed. In vitro, SpoOA binds to specific
sites in oriC and inhibits duplex unwinding”
(FIC. 4b; TABLE 1). B. subtilis phage ¢29 also
has Spo0A-binding sites, and replication of
this phage is inhibited in vivo in a Spo0A-
dependent manner. These results suggest that
SpoOA represses chromosomal replication
by binding directly to oriC in vivo™.

SirA also represses initiation during
sporulation’>”; in cells that lack sirA, extra
initiations occur during sporulation. Spo0A
induces SirA, although SirA can inhibit initia-
tion independently of SpoOA when expressed
from an isopropyl-B-p-thiogalactoside
(IPTG)-inducible promoter”. Analysis using
a DnaA-GFP fusion suggests that DnaA com-
plexes, which are probably located on oriC,
are dissociated by the induced SirA™. Direct
binding of SirA to DnaA has been demon-
strated with a two-hybrid method” (TABLE 1).
These negative regulations are of the cascade
type of repression of initiation, in that the
expression and function of Spo0A and SirA
are coupled with changes in cell proliferation
or differentiation states (FIC. 1).

Negative regulation of DnaA: regulation
by YabA and the clamp. Is the RIDA sys-
tem conserved in B. subtilis? Interactome
analysis has suggested that the protein
YabA can bind both DnaA and the clamp™.
Indeed, purified YabA forms homotetra-
mers that bind DnaA and the clamp
directly”. Inactivation of yabA, as well as
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the introduction of mutations in yabA that
render the encoded protein defective in
binding to DnaA and the clamp, result in
extra initiations at a level that is not inhibi-
tory to cell growth™7¢. These results indi-
cate that YabA represses superfluous DnaA
activity in a clamp-dependent manner,
similarly to Hda of E. coli (FIC. 4b; TABLE 1).
Therefore, despite the lack of substantial
sequence similarity, YabA and Hda are func-
tional homologues’”*. Consistent with this
idea, YabA-YFP foci are formed in a clamp
binding-dependent manner”>”” and colocalize
with foci of DNA polymerase III subunit y/t
(DnaX) fused to cyan fluorescent protein
(CFP) in cells’*”7, which suggests that the
assembly of YabA molecules at or near

the replication fork is coupled to replication.
This regulatory mechanism is similar in
principle to the RIDA mechanism in E. coli.
YabA is conserved in Gram-positive bacte-
rial species that have genomes with a low
GC content””,

What, then, is the role of YabA-DnaA
binding in the repression of extra initia-
tions? Unlike Hda, YabA does not contain
AAA+ domains and forms a stable complex
with DnaA”. Studies of subcellular locali-
zation in B. subtilis using DnaA-GFP or
DnaA-YFP fusions have shown that DnaA
specifically localizes at or near the replica-
tion fork during most of the replication
period, in a manner that is dependent on
the clamp and YabA”. DnaA foci colocalize
with oriC only at the initiation of replica-
tion or when chromosomal replication
is complete (that is, at the point at which
the clamp is released from the DNA).
Consistent with these observations, the
clamp localizes at or near the replication
fork when DNA is replicating and disperses
during the inter-replication period of the
cell cycle in B. subtilis™, as was also seen for
E. coli*®. Taken together, these observations
indicate that B. subtilis DnaA is titrated
to the clamp-YabA complexes at or near
the replication forks, thereby sequestering
DnaA from oriC. Recently, DnaA-GFP in
B. subtilis was shown to colocalize with oriC
or its proximal region, although it remains
possible that sufficient DnaA molecules are
present on the replication forks to prevent
additional initiations.

A secondary role for YabA has been
proposed, namely the inhibition of DnaA-
DnaD interactions® (FIG. 4b). DnaD is a sub-
unit of a putative helicase loader complex.
YabA-binding sites on DnaA are located
on the surface of domain III, opposite the
nucleotide-binding pocket, and overlap
the DnaD-binding region®.
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Table 1| Negative regulatory systems involved in replication initiation

Factors Strategy
Escherichia coli
Hda and clamp
datA

SeqA
by DnaA

Hydrolysis of DnaA-bound ATP by the ADP-Hda—DNA-clamp complex
Binding to DnaA molecules, reducing the number available for initiation
Direct binding to hemimethylated GATC sites in oriC, inhibiting binding

Binding to hemimethylated GATC sites in the dnaA promoter region

DnaA

Bacillus subtilis

DnaA box binding in the dnaA promoter region

YabA and clamp  Binding to DnaA molecules, reducing the number available for initiation

Soj Direct binding to DnaA complexed with oriC

SirA Direct binding to DnaA and inhibition of its binding to oriC during sporulation
Spo0A Inhibition of DnaA binding to oriC (in vitro)

DnaA DnaA box binding in the dnaA promoter region

Caulobacter crescentus

HdaA and clamp Inactivation of DnaA in the replisome

ClpP Degradation of DnaA

SpoT Degradation of DnaA in response to carbon starvation

CtrA Inhibition of DnaA binding to oriC

Clamp, DNA polymerase Il subunit-$ (DnaN); ClpP, Clp protease, proteolytic subunit; CtrA, cell cycle
transcriptional regulator; Hda, DnaA homologue protein; oriC, chromosomal replication origin; SirA ,

sporulation inhibitor of replication.

Although dnaA is also transcriptionally
autoregulated in B. subtilis®" (FIC. 4b; TABLE 1),
the cells are very sensitive to the copy
number of DnaA boxes. Unlike E. coli cells,
they cannot maintain a multicopy plasmid
bearing DnaA boxes, owing to the negative
effect that these boxes have on chromosomal
replication initiation®>*. This supports the
idea that titration of DnaA molecules to
non-oriC sites is a more effective mechanism
of inhibition of initiation in B. subtilis than
itis in E. coli. The relative importance of
this mechanism in the two organisms might
be related to the different roles of YabA
and Hda at the replication forks: YabA is
important for DnaA titration, whereas Hda
operates by DnaA-ATP hydrolysis (TABLE 1).
To date, there has been no concrete evidence
that only the ATP-bound form, and not the
ADP-bound form, of B. subtilis DnaA is
active in initiation.

Negative regulation of DnaA: Soj. The
multifunctional protein Soj can bind directly
to DnaA and regulate its activity™ (FIC. 4b;
TABLE 1) in addition to regulating sporula-
tion and playing a part in partitioning the
chromosomes. It is a Walker-type ATPase
with cooperative and sequence-non-specific
DNA-binding activity. The protein Spo0]
can stimulate the ATPase activity of Soj, and
together these proteins form a complex with
the chromosomal parS locus, which resides
near oriC, and promotes separation of oriC

on sister chromosomes®. Soj and Spo0J are
orthologues of ParA and ParB, respectively,
which are two proteins required for the
partitioning of sister molecules of low-copy
number plasmids and which form a hetero-
complex on the centromere-equivalent site
of the plasmid®.

In vivo analysis of soj mutants that are
defective in ATP binding, ATP hydroly-
sis or cooperative DNA binding in vitro
suggests that ATP-bound, DNA-free Soj,
but not DNA-bound Soj, binds DnaA
assembled on oriC in a Spo0J-independent
manner, resulting in repression of extra
initiations* (FIG. 4b; TABLE 1). It has been
suggested that when initiation must occur
Soj binds directly to the oriC-parS region of
the DNA in a cooperative manner, allowing
DnaA to function in initiation. At this step,
Soj might alter higher-order chromosomal
structure in the oriC-parS region so as to
facilitate replication initiation®**’.

Following initiation, Spo0J is proposed
to interact with Soj, which would stimulate
the ATPase activity and reduce the DNA-
binding activity of Soj, thereby releasing it
from the oriC-parS region*. In mutants with
an ATPase-defective Soj protein and in spo0J-
null mutants, over-initiation of chromosomal
replication occurs, perhaps owing to the
formation of a stable Soj—-DNA complex at
the oriC-parS region. This would induce
checkpoint regulation, thereby indirectly
inhibiting sporulation®®. Soj might affect
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Figure 5 | Replication initiation and regulatory inactivation of DnaA (RIDA) in Escherichia coli.
After formation of the replisome and completion of an Okazaki fragment, the clamp (subunit-f of the
DNA polymerase lll holoenzyme (DnaN)) remains on the DNA and binds ADP-DnaA homologue pro-
tein (Hda). The resultant ADP-Hda—clamp-DNA complex promotes DnaA-ATP hydrolysis, yielding
ADP-DnaA, which is not active in promoting duplex unwinding at the chromosomal replication origin
(oriC). DnaB, replicative DNA helicase; DnaG, DNA primase; P, inorganic phosphate; Pol llI*, DNA

polymerae Il subassembly.

the conformation of DnaA bound to oriC,
but the molecular mechanisms underlying
Soj dynamics and the Soj-DnaA interaction
remain to be elucidated.

Regulation of initiation in C. crescentus
Negative regulation of oriC: CtrA. C. crescen-
tus is a Gram-negative alphaproteobacterium
that it is evolutionarily distant from E. coli™.
C. crescentus undergoes asymmetrical cell
division, yielding a stalked cell and a swarmer
cell; whereas the stalked cell replicates the
chromosomal DNA and divides, the swarmer
cell does not replicate the chromosome or
divide until it converts to a stalked cell***°.

In swarmer cells, cell cycle transcriptional
regulator (CtrA), a master regulator of cell
cycle-dependent transcription, is bound to
the cognate Caulobacter replication origin
(Cori), thereby inhibiting initiation®* (FIG. 4c;
TABLE 1). CtrA is abundant in swarmer cells,
and CtrA phosphorylation by CckA enhances
CtrA binding to multiple sites in Cori®. On
differentiation into stalked cells, the ClpXP
protease degrades CtrA, allowing initiation
to take place®”. This CtrA-dependent regu-
lation is considered to be a cascade type of
regulation (FIC. 1).

Negative regulation of DnaA: HdaA and the
clamp. Recently, it was found that C. crescen-
tus also regulates DnaA. HdaA, the C. cres-
centus orthologue of E. coli Hda, is required
to repress extra initiations in stalked cells
and colocalizes with the clamp throughout
DNA replication®. This suggests that HdaA
inactivates DnaA in a replication-coupled
negative-feedback manner (FIG. 4c; TABLE 1).

Unlike E. coli DnaA, C. crescentus DnaA
is unstable and gradually degrades after
initiation of replication®’. When C. crescen-
tus is starved of carbon, DnaA is degraded
in a manner that depends on a stringent

response control protein SpoT, a ppGpp
synthetase® (TABLE 1).

Feedback regulation in eukaryotes

The principle of RIDA is conserved in eukary-
otic replication regulation systems. The inacti-
vation of initiation proteins by the clamp (that
is, proliferating-cell nuclear antigen (PCNA)
in eukaryotes) has been demonstrated in
yeasts, Caenorhabditis elegans, Xenopus laevis
and humans”~'®. Eukaryotic Cdt1 and cell
division cycle 6 (Cdc6) proteins bind to ORC,
a counterpart of DnaA, at the origin region,
permitting the minichromosome maintenance
(MCM) helicase complex to load; this is fol-
lowed by additional protein—protein interac-
tions that occur in a CDK-dependent manner
and, then, replication initiation®*'*!!. After
initiation, the DNA-loaded form of the clamp
interacts with the E3 ubiquitin ligase cullin 4
(Cul4)-DNA damage-binding protein 1
(DDBI) complex and Cdtl, leading to
ubiquitylation and degradation of Cdt1%¢*
(FIG. 4d).

In S phase of the cell cycle in Drosophila
melanogaster, Cul4-Cdt2-clamp com-
plexes promote degradation of E2F, a key
transcription factor that activates impor-
tant genes for S phase onset and DNA
replication'”". Thus, the clamp-mediated
feedback inhibition of replication ini-
tiation is a highly conserved principle,
despite the diversity in clamp-binding
proteins across species.

Concluding remarks

Recent progress in the field of protein sub-
cellular localization in bacteria has revealed
important mechanisms of cell cycle regula-
tion. In particular, the crucial role of the
replication fork in repressing the function
of the initiation protein is a common prin-
ciple used in a wide range of bacteria and

eukaryotes. Hda, YabA, HdaA and the Cul4-
DDBI complex are crucial regulators of the
initiation protein (DnaA in bacteria and
Cdtl in eukaryotes) that cooperate with the
clamp at replication forks. As for regulation
of the origin DNA, SeqA-dependent inactiva-
tion is one of the replication-coupled systems
used in E. coli. In B. subtilis and C. crescentus
(which both lack Dam and SeqA), Spo0A,
SirA and CtrA regulate the function of the
replication origin according to the differ-
entiation state or cell cycle stage of the cell.
Moreover, the presence of multiple pathways
for regulating initiation at different layers is
also a common feature.

Many important questions remain
unanswered to date, such as how Hda activ-
ity is regulated by ADP binding and how
YabA activity is controlled during the cell
cycle. It is still unclear how the functional
mechanisms of Hda and YabA were differ-
entiated during evolution. Hda is conserved
in alphaproteobacteria, betaproteobacteria
and gammaproteobacteria, whereas YabA is
present in Bacillus spp. and related genera.
In addition, the molecular mechanisms
that operate in DNA-clamp-(ADP-Hda)-
(ATP-DnaA) complexes and in DnaA
functional regulation by Soj or HdaA are
still unknown. It is also important to eluci-
date mechanisms that inhibit cell growth in
response to over-initiation. Only fragments
of roles for a possible cell division regulator
and for stalled replication forks have been
suggested to date'*>'%,

Roles for novel positive regulators must
also be further elucidated. The molecu-
lar mechanisms that operate in DARS-
dependent DnaA-nucleotide exchange and
the regulation of DARS function remain
unclear. The core elements of DARS ele-
ments are conserved in sequence on the
genomes of many bacterial species®, but
it is not known if these function as DARS
elements in vivo. The regulation of DiaA
dynamics in the initiation process also
requires further study. DiaA is structur-
ally conserved in gammaproteobacteria'’
and even in the epsilonproteobacterium
Helicobactor pylori, in which the functional
homologue is HobA %1%,

Moreover, analysis of archaeal cells
is important work for the future. How is
the initiation of chromosomal replication
regulated in archaeal cells? These cells
have an initiation protein, origin recogni-
tion complex subunit 1 (Orc1)/Cdc6, and
PCNA homologues but do not have Hda,
YabA, Dam or SeqA homologues. Efforts to
solve these and related questions would be
invaluable.
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