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| 1. Introduction

The coordination of cell growth and chromosome replication is achieved by mechanisms that are still being uncovered.
One approach to investigating this coordination is genetics and, over the last half century, this has led to the isolation of
conditional lethal mutants of cell division or DNA synthesis. As part of these investigations, in early 1960, Kohiyama
started to isolate mutants of Escherichia coli K12 that fail to grow at a high temperature. With his collaborators, he found
that nearly 1% of colonies obtained at 30 °C from a mutagenized culture failed to grow at 42 °C but, on examining each
clone for DNA or protein syntheses and morphological changes after transfer to 42 °C, he found only a few mutants
affected in DNA synthesis, with the majority being those defective in protein synthesis, such as valyl-sRNA synthetase ],
or in cell division, without identification of the mutated genes [&. Isolation of temperature-sensitive (ts) mutants continued
at the Pasteur Institute and the resulting strain collection has been beneficial to studies on the cell cycle such as the
discovery of the FtsZ ring, which is essential for division B!, and to studies on metabolism such as those on the
ribonucleotide reductase 4.

The first priority was the elucidation of the regulatory mechanism of chromosome replication as hypothesized in the
Replicon Theory [, according to which DNA replication starts from the genetically defined point (oriC) by the action of an
initiator. Kohiyama, therefore, sought mutants that failed to initiate replication at high temperatures and found two [,
These mutations were mapped to the same locus and the gene was called dnaA .

Further characterization of these dnaA mutants demonstrated a close connection between initiation of replication and cell
cycle control: at a non-permissive temperature, a dnaA mutant temporarily stops dividing and forms filamentous cells 2!;
division later resumes towards one end of the filament to produce normal-sized cells that lack DNA &l The fact that the
size of these anucleate cells is relatively constant (but see ) is consistent with the idea that DnaA is involved, directly or
indirectly, in the positioning of the division site.

In fact, the possibility that DnaA protein acts as a regulator of gene expression was raised by Hansen a few years after the
isolation of the first mutant 19, and DnaA was subsequently shown to regulate many operons 1. These observations,
therefore, help make DnaA a candidate for the role of coordinator of the cell cycle.

To explore this proposal, it is essential to characterise the biochemical properties of the DnaA protein. A large part of this
was done by Kornberg and his collaborators using genetic engineering only 20 years after the first isolation of a dnaA
mutant 22, They found that the DnaA protein is an ATPase possessing a high affinity for the replication origin (oriC) via
DnaA boxes constituted of nine bases. The consequence of this interaction is the opening of oriC, which allows the
insertion of DNA helicase into oriC in order to start DNA synthesis after the loading of DNA polymerase Ill. This interaction
between DnaA and DnaA boxes seems to be important in most of the processes in which DnaA is involved 18114 pnaA
has four domains 13I8l (Figure 1). Domain | binds both the helicase, DnaB, and the DiaA protein that may help link DnaA
dimers and monomers; it also has a site for a low-affinity domain I-domain | interaction to generate dimers. Domain Il is a
linker. Domain Il has an AAA+ motif that binds ATP or ADP; this binding of ATP leads to head-to-tail homo-oligomers in a
helix; it also binds ssDNA and has a region that interacts with membrane. Domain IV is the dsDNA-binding domain that
recognizes DnaA boxes (for references, see [11).
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Figure 1. Functional structure of DnaA. The four domains (I, Il, Ill and IV, blue, black, red and green, respectively) have
different functions (see text for explanation). Not to scale.

Hyperstructures are large assemblies of molecules and macromolecules that have particular functions; they constitute a
level of organization intermediate between the macromolecule and the cell.

| 2. Is There a Chromosomal DnaA Hyperstructure?

The chromosomal datA site is a 1 kb region that contains binding sites for DnaA and that helps in its inactivation 7. An
excess of datA sites results in a delay to the initiation of replication, whereas the lack of datA results in extra initiations,
and it was originally suggested that the binding of DnaA to newly duplicated datA during oriC sequestration could help
prevent premature reinitiation when oriC is desequestered 22, When datA is negatively supercoiled, DnaA-ATP oligomers
are stabilised, and datA-IHF interactions and DnaA-ATP hydrolysis are promoted (18, These results are consistent with a
datA-based chromosomal hyperstructure helping regulate initiation. The two chromosomal intergenic regions, DnaA-
reactivating sequence 1 (DARS1) and DnaA-reactivating sequence 2 (DARS2), each contain a cluster of DnaA binding
sites; these sites promote regeneration of DnaA-ATP from DnaA-ADP by nucleotide exchange, and thereby help to
promote the initiation of replication 9. (Note that DnaA-ADP is mainly monomeric and unable to go from high-affinity
binding sites to nucleate polymerisation at the low-affinity binding sites in the origin of replication.) The reactivation of
DnaA by DARS?2 is coordinated by the site-specific binding to DARS2 of IHF and Fis; this binding of IHF is temporally
regulated during the cell cycle 29, as is the binding of Fis, which occurs specifically prior to initiation 24, It is thought that
DARS1 is mainly involved in maintaining the origin concentration, whereas DARS2 is also involved in maintaining single
cell synchrony [22,

After initiation, the ATPase activity of DnaA is stimulated by the regulatory inactivation of the DnaA (RIDA) complex
composed of the Hda protein interacting with the DNA-loaded B-clamp 23, Recently, it has been found that only the
disruption of RIDA has a major effect on initiation (since DARS and datA can compensate for one another) 24l All of this
raises the question of whether the inactivation of DnaA takes place within a chromosomal DnaA hyperstructure.

DnaA is also a sequence-specific transcriptional regulator. Such regulators bind to sites that are distributed on the
chromosome with a periodicity consistent with a solenoidal-type organization 22; this organization would bring together a
regulator and its sites into a hyperstructure. If this hyperstructure does indeed exist, what is its relationship with the datA
and the DARS sites? Do the above constitute separate hyperstructures and, if so, how do they interact? Or are they all
part of an initiation hyperstructure?

| 3. Is There a Membrane DnaA Hyperstructure?

The involvement of the membrane in the initiation of replication has long been known 28127281 and it is tempting to
speculate that the initiation hyperstructure may also contain acidic phospholipids such as cardiolipin, and even that the
hyperstructure is physically associated with the bilayer itself, possibly in a fluid state. Indeed, a significant proportion of the
DnaA (10% or more) in the cell is associated with the membrane 24BY, |n this association, both domain Il and the
hydrophobic domain Il of DnaA are important 1. Mutations and deletions affecting the membrane interaction sequence
in domain 1Il of DnaA restored growth to cells with a lowered content of acidic phospholipids 2. DnaA association with
the membrane may dissociate ADP from DnaA depending on the degree of protein crowding on the membrane 2324,
Insertion into or association with the membrane is fundamental to transertion (the coupled transcription, translation, and
insertion of proteins into a membrane) and to the existence of transertion hyperstructures BSIB8IEY: this raises the
question of whether a DnaA hyperstructure based on transertion might exist for part of the cell cycle and, moreover,
whether such transertion might be important for the existence and/or operation of a chromosomal DnaA or other
hyperstructures.



| 4. Does the Initiation Hyperstructure Contain Glycolytic Enzymes?

Metabolism is coupled to DNA synthesis through nutrient richness and growth rate in a variety of ways. One way this
occurs is via (p)ppGpp 28, with the transcription of dnaA in E. coli B9 and the level of DnaA protein in C. crescentus 49
being lowered by (p)ppGpp. Another way is via a central carbon metabolism that, in E. coli, can: (1) promote DnaA to its
active DnaA-ATP form and its binding to oriC by cAMP (a regulator of this part of metabolism) 41 (2) suppress the
defects of the dnaA46 mutant by changes in pyruvate and acetate metabolism %2; (3) inhibit DnaA conversion to DnaA-
ATP and its binding to oriC (via acetylation of DnaA, with acetyl-CoA and acetyl-phosphate as donors) (for references see
43y, Evidence for the involvement of the central carbon metabolism in DNA replication in Bacillus subtilis includes: (1)
subunits of pyruvate dehydrogenase (PdhC) and related enzymes bind the origin of replication region, DnaC and DnaG
inhibit the initiation of replication; (2) mutations in the genes of central carbon metabolism suppress initiation and
elongation defects in dnaC, dnaG, and dnaE mutants; (3) mutations in gapA (which encodes glyceraldehyde 3-phosphate
dehydrogenase) perturb the metabolic control of replication; (4) pyruvate kinase (PykA) can both inhibit initiation and
stimulate elongation via proposed interactions with DnaC, DnaG, and DnaE as modulated, perhaps, by phosphorylation
[43][44]

Given that metabolic enzymes can exist as hyperstructures in their own right, a question that arises here is whether
metabolic enzymes are also part of an initiation hyperstructure. And a related question is whether the metabolites
themselves are directly part of initiation and/or replication hyperstructures, not just by binding to the constituent proteins
(as in the case of DnaA and cAMP 11y or by being used to modify the protein (as in the case of DnaA and acetyl-CoA),
but also by binding directly to RNA or DNA. If metabolites were indeed to bind the origin region, this would make the
connection with the Ring World, an origins-of-life scenario in which small, double-stranded DNA rings were selected firstly
because they catalysed the reactions of central carbon metabolism 42!,

| 5. Does the DnaA-Initiation Hyperstructure Contain SeqA?

E. coli avoids multiple reinitiations of chromosome replication by a sequestration mechanism that depends on the SegA
protein binding preferentially to newly replicated, hemi-methylated GATC sites, many of which are clustered in oriC. This
sequestration, which involves the membrane, occurs only when oriC is hemi-methylated 28 and when SegA, which has
an affinity for the membrane, is present 2248l the result is an inhibition of initiation 22, SeqA forms multimers and SegA-
DNA complexes can cover 100 kb of DNA and are close or integral to the replication hyperstructure(s), and have a
bidirectional movement that differs from that of the origins (which goes to the poles) BUEL, GATC sites are clustered not
only in the oriC region but also in many genes involved in the replication and repair of DNA (such as dnaA, dnaC, dnak,
gyrA, topA, hepA, lhr, parE, mukB, recB, recD, and uvrA), as well as genes involved in the synthesis of the precursors of
DNA (such as nrdA, purA, purF, purL, pyrD and pyrl), consistent, perhaps, with the presence of these genes and their
products in a replication hyperstructure 22 One related question is whether the DnaA-initiation hyperstructure in its
earliest form contains SeqA and, reciprocally, a second question is whether the replication hyperstructure contains DnaA?

| 6. What Is the Relationship between Strand Opening and DnaA Binding?

Kornberg's group first showed that DnaA opens oriC in vitro depending on the presence of ATP 23l The opening of oriC
was detected by P1 nuclease sensitivity in this case, and repeatedly shown by other techniques such as KMnOg4
modification B4 and DMS footprinting 2. oriC contains (1) the DnaA-ATP-Oligomerization Region (DOR), with twelve
DnaA boxes, and (2) the neighbouring Duplex Unwinding Element (DUE), which contains three AT-rich 13-mer repeats
along with DnaA binding motifs. DnaA-ATP assembles into a pentamer via its binding to DnaA boxes in one half of the
DOR and, progressively, via its binding to the single-stranded motifs in the DUE, which stabilizes the unwound DUE. This
unwinding is promoted by the nucleoid-associated protein (NAP), IHF, or indeed by HU (14, Katayama’s group analysed,
also by P1 nuclease sensitivity, the opening of M13 oriC DNA by DnaA in vitro at the DUE using various types of mutated
oriC and IHF; the results obtained were consistent with those obtained in vivo 28, That said, it is difficult to follow the
kinetics of oriC opening with these techniques.

Strick’s group performed a single molecule analysis on DnaA-oriC(2kb) interaction using an optical magnetic tweezer to
follow the rapid kinetics of double-stranded DNA opening. They observed formation of stable complexes between
supposedly DnaA-ATP oligomers and oriC with different degrees of positive supercoiling. The formation of these
complexes occurred using an oriC that lacked the DUE, raising the question of whether they were studying a non-
canonical reaction. Other questions include why the kinetics of the complex formation was not studied, why the formation
of the complex did not occur constantly 52, and whether DnaA was actually present in the complex. It should be pointed
out that the use of optical magnetic tweezers is technically demanding: it requires the attachment of oriC DNA to a



magnetic bead followed by the selection of intact oriC-containing beads (which are easily damaged and consequently in a
minority).

Technigues based on minicircles of DNA facilitate the detection of fine-scale modifications to the DNA structure. Using an
oriC minicircle of 641 bp with three negative supercoils, Landoulsi and Kohiyama found that around 80% of this substrate
was positively twisted three times during incubation with DnaA and that the efficiency of unwinding was affected by the
degree of negative superhelicity of the minicircle (three negative turns proved more effective in causing unwinding than
two or four negative turns). Unwinding of this oriC minicircle by DnaA was verified by Bal31 sensitivity (rather than by P1
nuclease sensitivity), whilst the presence of DnaA on the unwound minicircle was confirmed by an anti-DnaA antiserum.
The problem raised by this work is that the unwinding did not require ATP 28, |t should also be noted that the above work
on oriC minicircles depends on a sophisticated technique that requires the formation of circles from a linear 641 bp oriC
fragment that can only be achieved in a glass capillary after overnight incubation in the presence of DNA ligase and
ethidium bromide, which introduces superhelicity; modification of the superhelicity of minicircles resulting from DnaA
action is scored after Topo | treatment and is not directly measured.

This work raised the question of whether or not the ATP-dependent opening of oriC by DnaA (as demonstrated by P1
nuclease sensitivity) is the unique pathway for the initiation of replication. The fact that the mutant isolated first, dnaA46,
which has lost the ATP binding site, can grow normally at a low temperature indicates the existence of an alternative
pathway whereby oriC can fire without ATP. Consistent with this, the growth of dnaA46 is more sensitive than the wild type
to gyrase inhibitors B2, whilst the opening of oriC minicircles by DnaA is sensitive to negative supercoiling densities 58!
(see above). Another explanation, offered by Kaguni's group, is that the DnaA46 protein, with the aid of DnakK, can form a
structure similar to that of DnaA-ATP B9, Although no data are presently available from X-ray crystallography of the whole
molecule of DnaA or from cryoEM analysis of DnaA-oriC, significant advances have been made by the Berger group using
DnaA from Aquifex aeolicus along with the nonhydrolyzable ATP analog AMP-PCP 13l and by Katayama and
collaborators using a combination of biochemistry and computer simulations to model the central part of the oriC-DnaA-
IHF complex (18],

| 7. Does DnaA Participate in Differentiation?

In the strand segregation hypothesis, a coherent phenotypic diversity is generated by the segregation of certain
hyperstructures with only one of the parental DNA strands 81l: candidate hyperstructures for such asymmetric segregation
include those containing the NAPs and the topoisomerases. An asymmetric segregation of a chromosomal DnaA
hyperstructure is another seductive possibility: could DnaA play a particular role in generating phenotypic diversity (e.g., in
preparing a population to confront stresses via its role in modulating gene expression) or in connecting different
phenotypes with different patterns of the cell cycle—or indeed both?

| 8. What Modifications Does DnaA Undergo and What Are Their Roles?

It has been proposed that a hyperstructure might be assembled if enzymes (such as protein kinases and
acetyltransferases) and their NAP substrates were to associate with one another in a positive feedback loop in which, for
example, the modification of an NAP by its cognate enzyme increases the probability of colocation of both the NAPs and
the enzyme (61 |n line with this, the acetylation of a lysine residue (K178) prevents DnaA from binding to ATP and inhibits
initiation, whilst the acetylation of another lysine residue (K243) also inhibits initiation but does not affect the ATP/ADP
binding affinity of DnaA or the ability of DnaA to bind to the dnaA promoter region and to DARS1 [62],

DnaA binds cAMP with a Kd of a similar order to that with which it binds to ATP; indeed, the affinity of DnaA for cAMP is
such that most of the cell's DnaA should be bound to cAMP when the latter is present at the physiological concentration of
1 pM B2 cAMP bound to DnaA is chased by ATP but not by ADP (note that there is only one cAMP binding site on the
protein A1), In vitro, CAMP stimulates DnaA binding to oriC and to DnaA sites elsewhere in the chromosome 4 in vivo,
the addition of CAMP to a cya mutant (which encodes the adenylate cyclase that catalyses the production of cAMP)
increased the level of DnaA 83, Significantly, despite DnaA’s stability in vivo, it has recently been shown to be degraded in
vivo in ATP depletion conditions ¢4, and one possibility is that cAMP helps to both protect DnaA from degradation and
regenerate DnaA-ATP from DnaA-ADP (by causing the release of the bound ADP). This raises the question of whether
the state of the environment as reflected in a cAMP signal is transduced by the level of DnaA and by the DnaA-ATP:
DnaA-ADP ratio into the expression of DnaA-regulated genes and cell cycle timing.

In the case of Caulobacter crescentus, the phosphorylation status of CtrA is central to cell cycle progress €5, The many
possible post-translational modifications to DnaA and to other proteins in the initiation and replication hyperstructures,



therefore, include phosphorylation, and several other modifications, such as succinylation, methylation, proprionylation,
malonylation, deamidation of asparagines, and glycosylation (for references see [61l). Another post-translational
modification—and one that is largely ignored—is the covalent addition of poly-(R)-3-hydroxybutyrate (PHB) to proteins [€€l:
one proposed function of such addition to NAPs would be to regulate their interaction with nucleic acids 4. An important
question is, therefore, whether DnaA undergoes modifications like the addition of PHB and, if so, does such modification
help the type of hyperstructure into which DnaA assembles?

9. Is DnaA a Controller of Chromosomal Copy Numbers Rather Than a
Timer?

Fralick found that the timing of initiation and the number of replicating chromosomes per cell (and the DNA/mass ratio)
could be varied independently of one another in a temperature-sensitive dnaA(ts) mutant grown at different temperatures.
These results were interpreted as DnaA being an essential component of the “replication apparatus” but not itself being
the signal that triggers initiation 88189 This interpretation would be consistent with the finding that the time of initiation is
not advanced by a 50% increase in the concentration of DnaA-ATP, with the authors concluding that although DnaA
protein is required for initiation of synchronous and well-timed replication cycles, the accumulation of DnaA-ATP does not
control the time of initiation 2%, It should be noted that stopping the transcription of dnaA only led to a small increase in
cell size, as DnaA was diluted by growth, whilst only disrupting RIDA had a major effect on initiation 24l Finally, a
mathematical model has recently been proposed that combines the titration- and activation-of-DnaA strategies to explain
how initiation might be timed at fast and slow growth rates and to give both a precise volume per origin and a constant
volume between initiations 41, Finally, Liu and his group have shown how easily arbitrary choices of parameter settings
and insufficient controls can affect evaluation of the constant-initiation-mass hypothesis /2,
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