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DNA Replication Control in Microbial
Cell Factories

Abstract The process of amplification of genetic material is crucial for
production of progeny cells and organisms. Any obstacles in completion of faith-
ful genome replication threaten cellular integrity. Therefore, this process is tightly
regulated, mostly at the initiation phase, and—particularly in bacterial cells whose
environment may undergo fast changes—adjusted with current growth conditions.
Studies of recent years provided evidence that regulation of DNA replication in
bacteria is more complex than previously anticipated. Multiple layers of control
seem to ensure coordination of this process with the increase of cellular mass and
the division cycle. Metabolic processes and membrane composition may serve as
points where integration of genome replication with growth conditions occurs. It is
also likely that coupling of DNA synthesis with cellular metabolism may involve
interactions of replication proteins with other macromolecular complexes, respon-
sible for various cellular processes. Thus, the exact set of factors participating in
triggering the replication initiation may differ depending on growth conditions.
Therefore, understanding the regulation of DNA duplication requires placing
this process in the context of our current knowledge on bacterial metabolism, as
well as cellular and chromosomal structure. Moreover, in both Escherichia coli
and eukaryotic cells, replication initiator proteins were shown to play other roles
in addition to driving the assembly of replication complexes, which constitutes
another, yet not sufficiently understood, layer of coordinating DNA replication
with the cell cycle. In this work, we describe the current knowledge of biochemi-
cal mechanisms regulating initiation of DNA replication in E. coli, which focuses
on the control of activity of the DnaA protein, and we expand the view by provid-
ing examples of direct linkages between DNA replication and other cellular pro-
cesses. In addition, we point out similarities of the mechanisms of regulation of
DNA replication operating in prokaryotic and eukaryotic cells, and suggest impli-
cations for understanding more complex processes, like carcinogenesis.

© The Author(s) 2015 1
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Introduction

Development of in vivo imaging techniques during recent years uncovered a new
world of bacterial cell structure, revealing previously unanticipated level of spa-
tiotemporal control of its components (Govindarajan et al. 2012; Vandeville et al.
2009). Several of these findings will be highlighted in the following paragraphs,
giving an overview of the major breakthroughs and providing references to a number
of excellent reviews comprehensively presenting achievements in particular fields.

Results of special importance for the progress in understanding subcellular
organization of bacteria came from studies on divisome as well as chemotaxis and
motility-governing structures. They provided evidence on the formation of special-
ized and highly localized protein complexes, whose components form a densely
connected web of interactions (Rudner and Losick 2010). Moreover, many other
proteins have been shown to form clusters performing particular cellular functions,
assembled according to external and internal stimuli. They often take a form of
helical filaments (Ingerson-Mahar and Gitai 2012; Celler et al. 2013) or localized
groups within the cytoplasm and cellular membrane (Shapiro et al. 2009). Recent
studies performed in Caulobacter crescentus demonstrated that around 10 % of
all proteins display non-random intracellular distribution (Werner et al. 2009).
Mechanisms responsible for specific protein anchoring and their dynamics within
the cell have started to be uncovered, and they include membrane heterogenic
composition (Fishov and Norris 2013; Mileykovskaya and Dowhan 2009) and
curvature (Ramamurthi et al. 2009; Ramamurthi and Losick 2009), interactions
with cytoskeleton elements (Heichlinger et al. 2011; Kawai et al. 2009; White
et al. 2010), and chromosomal confinement (Kuhlman and Cox 2012; Saberi and
Emberly 2013).

In concert with non-random intracellular allocation of proteins, distribution of
mRNA was also found to be spatially coordinated (Campos and Jacobs-Wagner
2013). Although little is known about mechanisms ruling mRNA localization,
results obtained from C. crescentus and Escherichia coli show that dispersion of
mRNAs from the sites where they were transcribed is limited (Montero-Llopis
et al. 2010), which suggests that chromosome organization itself may provide a
framework for increased concentration of encoded proteins at specific subcellular
localizations.

In line with the above findings, the view of bacterial chromosome structure has
also undergone a major transformation. Once thought a passive store of genetic
information and a random entanglement of DNA strands, it is now recognized as
a highly organized entity and the influential role of its structure on the regulation
of DNA transactions (as well as the reciprocal determination) has been under-
lined (Dorman 2013; Fogg et al. 2012; Muskhelishvili and Travers 2013; Wang
et al. 2013). Last but not least—membrane composition turned out to be hetero-
geneous, while its curvature was implicated in defining the localization of protein
complexes (Ramamurthi and Losick 2009; Fishov and Norris 2012). Thus, recent
discoveries have altered the perception of bacterial cell and uncovered new levels
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of organization of cellular processes. In this light, it seems surprising that current
understanding of the regulation of DNA replication in E. coli, the crucial biologi-
cal process, relies mostly on the description of its biochemistry—the activity and
sequence of actions of the proteins involved in its consecutive steps.

Existing models provide little explanation for the coordination of the DNA
replication with cellular metabolism. They are based on the fluctuations of the
amount of active form of the replication initiator—DnaA, available for binding
with the origin of replication. However, the exact explanation how these fluctua-
tions are correlated with growth conditions remains elusive. The prevailing view
is that in E. coli, accumulation of the replication initiator is coupled to cellular
mass, and thus, DNA replication starts at a specific mass-to-origin ratio (initiation
mass) (Donachie 1968). However, whether this ratio is constant or changes with
growth rate remains still a matter of debate (Wold et al. 1994). Moreover, support
for the cell mass-dependent replication mechanisms outside E. coli is limited (Hill
et al. 2012). In addition, mechanism coordinating DNA replication, cell division,
and maintenance of cell size homeostasis remains unclear. Here, we would like to
emphasize that understanding of these issues calls for placing regulation of DNA
replication and cell cycle control in the context of emerging view of the organiza-
tion of bacterial cell and metabolism. In particular, we would like to point out the
existence of a large body of evidence suggesting direct coordination of DNA rep-
lication in E. coli and Bacillus subtilis with major cellular functions: central car-
bon metabolism (CCM), transcription, translation, and chromosome dynamics. We
suggest that this coordination may be achieved by communication between pro-
tein complexes engaged in these processes and realized via direct protein—protein
interactions and possibly—also by changes in the DNA structure. We provide also
examples of similar mechanisms operating in eukaryotic cells.

Coordinating Duplication of Genetic Material
with Cell Growth: Current Views and Old Questions

Natural habitats of E. coli do not offer stable life conditions. Therefore, bacte-
rial cells have to quickly adjust their physiology to changing environment and
availability of nutritional resources. During feast, the buildup of cellular mass
is faster and cells are bigger, whereas at famine, the growth is slowed down
and cells are reduced in size. Before division, genetic material has to be dupli-
cated in an energy-consuming process of DNA replication, and the chromosomes
need to be segregated before septation. Sufficient resources must be available
for all these processes to be successfully completed. Therefore, mass accumula-
tion, chromosomal DNA replication, segregation, and cell division must be coor-
dinated to ensure that the chromosome is duplicated only once per cell cycle,
and each daughter cell inherits its faithful copy while maintaining proper size.
Consequently, in bacteria, DNA replication, as well as synthesis of other key
macromolecules—RNA and proteins—is coupled to nutrient availability and
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growth rate (Dennis and Bremer 1974). How cell cycle parameters are adjusted to
account for changes in growth rate is a fundamental and outstanding problem in
bacterial physiology. Current understanding of these issues draws mainly on the
studies of Cooper and Helmstetter (1968), done over 45 years ago.

To describe the results published by Cooper and Helmstetter (1968), it is nec-
essary to present cell cycle events on a timescale, where it can be dissected into
three successive periods: the period between the end of cell division and initia-
tion of DNA replication (B period), the time required for the synthesis of chro-
mosomal DNA (C period), and the interval between completion of replication and
the end of cell division (D period). In their work, Cooper and Helmstetter showed
that under constant temperature conditions, an increase in nutrient availability
is accompanied by a decrease in mass doubling time, whereas C and D periods’
durations remain constant for the generation times lower than 60 min (Cooper and
Helmstetter 1968). To explain this, they proposed that the faster the bacterial cells
grow, the more frequently the DNA replication is initiated, and consequently, the
next round of DNA replication starts, while the existing one is still ongoing, which
results in multifork replication. This conclusion allowed us to clarify how bacterial
population can grow with a doubling time much shorter than the one required to
synthesize a full copy of the chromosomal DNA (Cooper and Helmstetter 1968).

The above model provided foundations for our understanding of DNA replica-
tion control in E. coli; however, it presented the cell cycle as a process consist-
ing of consecutive steps, whose timing is set by the initiation of DNA replication.
It was proven, however, that bacteria growing with a doubling time over 70 min
adjust replication rate to metabolic conditions by modulating duration of the
C period (Michelsen et al. 2003). Thus, the Cooper-Helmstetter model neither
accounts for metabolic control of the elongation of DNA replication, for which
the evidence has accumulated (Janniere et al. 2007; Maciag et al. 2011), nor it
explains how the cell determines when is it the proper time to commence the DNA
duplication process. As an alternative, it was proposed that the cell cycle consists
of separate processes of cell growth, chromosome replication, segregation, and
cell division, which are independently regulated but interrelated by checkpoints
ensuring the proper order of events (Boye and Nordstroem 2003; Wang and Levin
2009). We suggest that metabolic pathways and communication of the replication
machinery with other macromolecular complexes carrying out basic cellular func-
tions could constitute such checkpoints. In the following sections, we summarize
current view on the details of the regulation of DNA replication in E. coli and
point out some of the outstanding questions regarding these mechanisms.

It is widely accepted that the initiation of chromosomal DNA replication in
E. coli is set by the availability of the DnaA protein in its active, ATP-associated
form. Overexpression of DnaA results in too frequent replication initiations,
whereas its depletion delays or blocks the start of the next replication round
(Atlung et al. 1987; Bremer and Churchward 1985).

Structural and biochemical analyses indicated that DnaA consists of four func-
tional domains (for a review, see Kaguni 2011; Katayama et al. 2010, Ozaki and
Katayama 2009). Domain I (amino acids 1-90) plays a role in oligomerization
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of DnaA (Simmons et al. 2003; Weigel et al. 1999) and DnaB helicase loading
(Marszatek and Kaguni 1994; Sutton et al. 1998; Seitz et al. 2000; Abe et al. 2007)
and mediates its interaction with several regulatory proteins (Chodavarapu et al.
2008 a, b). Domain II sequence is not strongly conserved among DnaA orthologs
(Messer 2002), and its length rather than a particular sequence is important for
the protein function (Nozaki and Ogawa 2008); hence, this domain was proposed
to act as a flexible linker between the DnaA core (domains III and IV) and the
domain I. Nevertheless, a role of domain II in the stimulation of the prereplica-
tion complex formation by the DiaA protein was implicated (Ishida et al. 2004),
whereas the removal of amino acids 96-120 resulted in the suppression of over-
replication phenotype of segA mutants, proving that this part of DnaA is not dis-
pensable for the coordinated protein activity (Molt et al. 2009). Domain III (aa
130-347) contains motifs characteristic for the AAA+ superfamily of proteins
(Duderstadt and Berger 2008) and takes part in ATP binding and hydrolysis
(Nishida et al. 2002; Erzberger et al. 2002; Kawakami et al. 2006), DnaA oli-
gomerization (Felczak and Kaguni 2004; Erzberger et al. 2006, Kawakami et al.
2005), and DnaB binding (Marszatek and Kaguni 1994; Seitz et al. 2000). Domain
IV contains helix—turn—helix motif and is responsible for specific recognition of
the DnaA box (Fujikawa et al. 2003; Erzberger et al. 2002; Blaesing et al. 2000;
Roth and Messer 1995). A region at the boundary to domain IIT forms a hinge
which allows for a rotational flexibility of domain IV (Erzberger et al. 2002).
Analysis of the structure of domain II/IV from Agquifex aeolicus revealed that
DnaA-ATP assembles into a compact, right-handed helical filament (Erzberger
et al. 2006). DnaA associated with ADP lacks this oligomer-forming property
(Erzberger et al. 2002), and thus, complex formation by DnaA is regulated via the
nucleotide switch.

It has become increasingly evident that the information about assembly of the
DnaA oligomer competent for the initiation of DNA replication is encoded in the
structure of the replication origin (for a review, see Leonard and Grimwade 2010,
2011). Minimal 245-bp oriC, capable of autonomous replication in E. coli (Tabata
et al. 1983), comprises of two functionally distinct parts—DnaA assembly region
(DAR), where DnaA oligomer is formed, and DNA unwinding region (DUE),
where DNA strands become separated during the initiation to enable helicase load-
ing. In early studies, comparative sequence analysis of this region in E. coli and a
few other enterobacterial species allowed for the identification of five highly con-
served sequences separated by regions of invariable length and diversified nucleo-
tide composition (Zyskind et al. 1983). The conserved regions were used to define
consensus sequence of R box (5-TTATNCACA), which was correctly predicted
as a binding site of DnaA (Zyskind et al. 1983). Biochemical studies confirmed
subsequently that oriC contains five R boxes recognized by DnaA, three widely
spaced high-affinity ones (R1, R2, and R4), and two additional, between them,
which become occupied at higher concentrations of the initiator (R3 and R5 M)
(Marguiles and Kaguni 1996; Schaper and Messer 1995). Detailed investigation
of the DnaA interaction with oriC in the recent years proved that the interven-
ing sequences, initially considered as spacers carrying little information, contain
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in fact a few types of low-affinity 9-mer sites, bound preferentially by DnaA-
ATP (McGarry et al. 2004; Kawakami et al. 2005; Hansen et al. 2007). DAR has
been shown to contain two oppositely oriented arrays of helically phased binding
sites, one in each half of oriC (Rozgaja et al. 2011). In addition, doubts have been
recently raised about the role of R3 (Rozgaja et al. 2011).

Only high-affinity R boxes are able to bind DnaA independently, in its both
ATP- and ADP-associated forms, and interaction with other sequences requires
cooperativity and DnaA—ATP (Speck et al. 1999; Messer et al. 2001; Miller et al.
2009). Members of nucleoid-associated proteins bind in the vicinity of each of the
arrays, IHF in the left half and Fis in the right one (Gille et al. 1991; Roth et al.
1994). Both proteins bend DNA in the origin region (Gille et al. 1991; Roth et al.
1994), in the case of IHF, the introduced bend is very sharp (around 180 °C) and
it most likely allows for interaction of the DnaA filament assembled at DAR with
the DNA in the unwinding element (Ozaki and Katayama 2012).

For most of the duration of the cell cycle, the replication initiator protein
remains bound to its high-affinity sites present at oriC (Miller et al. 2009). DnaA
associated with R boxes marks oriC and serves as a landing pad for assembly of
the preprimosomal complex, similar to the function of origin recognition com-
plex (ORC) in eukaryotic cells. Under conditions supporting fast growth rates, Fis
also remains bound to its recognition site within oriC for most of the cell cycle
(Cassler et al. 1995). Fis blocks both IHF binding and association of DnaA with
low-affinity sites at the left half of the origin (Ryan et al. 2004). Prior to initiation,
the amount of DnaA—ATP molecules reaches a critical threshold, which results in
the displacement of Fis and subsequent IHF-assisted occupation of the remaining
sequences of lower affinity by the DnaA—ATP (Ryan et al. 2004). Thus, it was pro-
posed that during the prereplication complex formation, DnaA oligomer formation
initiates with extension from two high-affinity nucleation sites (R4 and R1) to the
proximal weak site (Miller et al. 2009). Subsequently, filament builds up through
progressive association of DnaA—ATP with the sites within the arrays. This pro-
cess leads to the formation of DnaA complex at oriC, competent in unwinding of
the AT-rich region and helicase loading (for a review, see Leonard and Grimwade
2011; Erzberger et al. 2006).

DnaA interacts with the single-stranded regions at DUE (Speck and Messer
2001; Duderstadt et al. 2010; Ozaki and Katayama 2011). Most likely, the first
stage of filament formation involves interaction between DnaA protomers via
domain I (extension from the high-affinity nucleation site to the proximal weak
site), whereas filling in the arrays engages domain III-mediated interactions
(Leonard and Grimwade 2011). The arrays of low-affinity sites do not span the
entire length of the gaps between the high-affinity sites; therefore, it is not known
whether DnaA molecules form a contiguous filament and the exact position
of DnaA oligomers remains to be investigated (Leonard and Grimwade 2011).
Binding of proteins within the gap regions and changes in the DNA structure, such
as bending, evoked by binding of IHF may influence the filament geometry. Such
staged assembly process implicates that many steps of oligomerization process
may be affected by regulatory factors and that the particular configuration of these
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factors could vary with growth conditions. For instance, the cellular level of Fis
is dependent on growth rate (Ball et al. 1992), which suggests that assembly of
the DnaA oligomer might be differentiated according to growth conditions and Fis
availability.

New levels of complexity have been recently added to this elegant model of
assembly of prereplication complex. Detailed analysis of the structure of DnaA
helical filament revealed that this oligomeric form is incompatible with bid-
ing of double-stranded DNA. Instead, domain IV is oriented toward the interior
of the filament and docked against the AAA+ binding domain of the adjacent
protomer (Duderstadt et al. 2010). Domain III elements form a pore along the
DnaA filament, encompassing single-stranded DNA (Duderstadt et al. 2010).
Since DnaA—ATP requires different conformations for association with double-
stranded DNA and single-stranded DNA, initiation of DNA replication and ori-
gin melting involves a conformational change of the DnaA assembly (Duderstadt
et al. 2010). Staged occupation of the high- and low-affinity binding sites within
oriC by the DnaA would, thus, involve a conformation of DnaA with the DNA-
binding domain (DBD) extending away from the body of the initiator to expose
helix—turn—helix motif responsible for interaction with recognition sequences. In
this form, interaction between the protomers of DnaA is less stable, but compen-
sated by the close proximity of the weak binding sites. Origin unwinding would
be performed by a different oligomeric state of DnaA, in which docking of DBD
against AAA+ domain of the neighboring protomer would provide stability to the
oligomer and allow for binding of ssDNA (Duderstadt et al. 2010). Moreover, it
was demonstrated that in the presence of ATP, subunit/subunit interactions within
DnaA oligomer facilitate melting of DNA strands by direct stretching the con-
tacted strand (Duderstadt et al. 2011). In addition to this already complex picture
of pre-RC formation, it was demonstrated that the left half of the oriC promotes
the formation of DnaA oligomer competent in duplex opening and ssDNA bind-
ing, while the right half stimulates DnaB loading (Ozaki and Katayama 2012).
These results were in agreement with earlier data showing that the right half of
the origin is dispensable for slowly growing bacteria (Stepankiw et al. 2009).
Differentiation in functions of the two parts of the origin is accompanied by a spe-
cific conformation acquired by the initiator protein bound to each of them (Ozaki
et al. 2012). Although, most likely, the DnaA oligomer assembled at the entire
oriC is required for cell cycle-regulated initiation of DNA replication, modularity
of the initiator complexes formed at oriC provides additional possibilities of regu-
lation of their activity.

How exactly the assembly of the DnaA oligomer competent for initiation of
DNA replication is coordinated with cell growth and the division cycle remains
still not fully understood. The prevailing view is that the initiation of DNA repli-
cation is linked to the growth-dependent accumulation of the initiator protein in
its replication-proficient form (Donachie et al. 1968). In other words, DnaA—ATP
accumulates to the amount sufficient for initiation when cells reach a particular
mass. Recent results suggest that the total amount of DnaA, but not its concentra-
tion, is important for setting the initiation time (Hill et al. 2012). Interestingly, in
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B. subtilis, contrary to the results obtained for E. coli, replication initiation control
was not altered by the reduction of cellular mass (Hill et al. 2012).

The intracellular concentration of DnaA is constant in different media (Hansen
et al. 1991), and thus, transcription of the dnaA gene was proposed to be depend-
ent on the growth rate, in order to balance the differences in other cellular param-
eters at variable growth rates (Hansen et al. 1991; Chiaramello and Zyskind 1989).
In fast growing cells, the synthesis of DnaA is more efficient than in slow grow-
ing bacteria, to ensure that replication can start at multiple origins. However, it is
not known how DnaA accumulation is differentiated with respect to alterations in
nutritional conditions. It has been proposed that changes in the level of the strin-
gent response alarmone, ppGpp (Chiaramello and Zyskind 1990), produced in
response to amino acid or carbon source limitation, may contribute to this regula-
tion (for a review, see Potrykus and Cashel 2008). ppGpp was also proposed to
play the main role in growth rate control of synthesis of the key macromolecules
(Potrykus et al. 2011). Increase in intracellular levels of ppGpp blocks the initi-
ation of DNA replication; however, the mechanism of its action with respect to
DNA replication control remains poorly characterized. While down-regulation of
the dnaA promoter activity may pertain to ppGpp-mediated replication arrest, it
seems unlikely to be its only cause (Ferullo and Lovett 2008).

DnaA-ATP is also known to repress its own promoter (Speck et al. 1999). Based
on this fact, it was proposed that autorepression of the dnaA promoter may depend on
the growth rate. As a result, a constant amount of DnaA per unspecific binding sites
present on the chromosome (DNA length), achieved due to the mentioned autoregu-
lation of the dnaA promoter, would set the initiation timing. There is, however, no
experimental data to support this model. It assumes that while affinity of DnaA to
DnaA boxes present at the dnaA promoter varies with growth rate, possibly due to
changes in DNA supercoiling, it does not show a similar dependence with respect
to the binding sites present at oriC or that DnaA affinity changes for both sites in a
identical way (Grant et al. 2011), and this aspect requires further investigation.

Besides regulation of DnaA synthesis, multiple mechanisms exist to ensure
once-per-cell-cycle replication of chromosomal DNA. Control of the assembly of
preinitiation complex by DnaA is achieved in E. coli cell essentially in two ways:
by regulating its ability to oligomerize and by restricting its accessibility for bind-
ing at oriC (for a review, see Leonard and Grimwade 2010). As only DnaA—ATP is
able to form the helical oligomer required for initiation, the first type of regulation
is achieved mostly by influencing nucleotide-bound status of the initiator. The most
important mechanism in this category is RIDA (regulatory inactivation of DnaA),
which relies on stimulation of the ATP-ase activity of DnaA by the Hda protein,
complexed with the B clamp of DNA polymerase (for a review, see Skarstad and
Katayama 2013). This process is assumed to take place during the ongoing DNA
synthesis and results in the formation of DnaA—ADP, inert for replication initiation.

Two other mechanisms ensure rejuvenation of the DnaA—ATP complex, namely
its association with acidic phospholipids of the membrane and special DNA
sequences present in the chromosome, called DARS (DnaA-reactivating sequence)
(for reviews, see Leonard and Grimwade 2011; Saxena et al. 2013). Both these
mechanisms stimulate exchange of ADP, bound to DnaA, for ATP. In addition,
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formation of the specific DnaA—ATP—oriC complex is promoted by the recently
discovered DiaA protein (Keyamura et al. 2007).

The second type of control, preventing DnaA from binding to oriC, is accom-
plished in two ways. First, interaction of the initiator protein with the low-affinity
sites within oriC, and thus premature reinitiation, is blocked immediately upon
the replication start. This is done by the SeqA protein, associating with hemi-
methylated GATC sequences which overlap the lower-affinity DnaA boxes. In
E. coli cells, Dam methylase modifies adenine at GATC sequences which become
hemimethylated after synthesis of the new DNA strand. Occupation of hemi-
methylated GATC sites by SeqA at oriC, called sequestration, lasts for one-third
of the cell cycle and concerns also the dnaA promoter region (for a review, see
Waldminghaus and Skarstad 2009). Second, availability of DnaA is regulated
through its titration by the datA region on the chromosome, containing DnaA-
binding sites of unusually high capacity for DnaA, which were proposed to act as
a reservoir of the protein in a manner dependent on nucleoid-associated protein—
IHF (Nozaki et al. 2009). Recently, however, datA was also shown to stimulate
ATP hydrolysis by the initiator protein, which is preceded by the formation of an
oligomeric form of DnaA and probably requires specific inter-DnaA interactions,
facilitated by IHF-mediated DNA looping (Kasho and Katayama 2013). Cell
cycle analysis revealed that IHF binds to this region immediately after the initia-
tion of DNA replication, at the time when RIDA is activated, and it was proposed
that these two mechanisms act in concert to ensure coordination of DnaA inactiva-
tion within the cell cycle (Kasho and Katayama 2013). Furthermore, other DnaA
boxes, abundant in the chromosome, compete with the origin for DnaA binding
(for a review, see Skarstad and Katayama 2013), and due to the concurrent action
of the above-mentioned mechanisms, dynamic distribution of DnaA molecules
around the chromosome during the cell cycle likely contributes to timely provi-
sion of the correct amount of DnaA—ATP to oriC before the onset of replication
(for detailed information, see Leonard and Grimwade 2011; Kasho and Katayama
2013). It is not known whether any of these regulatory mechanisms are subject to
growth rate dependent control. Interestingly, it was demonstrated that a deletion of
vgfZ gene suppresses overinitiation phenotype of Ahda mutants (Ote et al. 20006).
The YgfZ protein was suggested to be a folate-binding protein involved in iron—
sulfur cluster metabolism (Teplyakov et al. 2004; Hasnanin et al. 2012), and it was
implicated in tRNA modification processes (Ote et al. 2006). YgfZ was proposed
to repress DnaA—ATP hydrolysis or stimulate rejuvenation (Ote et al. 2006). What
is more, it remains also uncharacterized whether assembly of the replication ini-
tiation complex and its composition are the same or differ under variable growth
conditions.

In B. subtilis, no mechanisms inactivating replication potential of DnaA—ATP
by converting it to DnaA—ADP are known. DnaA is regulated mostly by blocking
its binding to oriC and oligomerization by the action of YabA, Soj, DnaN, and pri-
mosomal proteins DnaB and DnaD. YabA may provide the link between metabolic
state of the cell and DNA replication control, since the YabA-dependent delay of
DNA replication occurred under conditions supporting slow, but not fast, growth
(Noirot-Gros et al. 2002; Hayashi et al. 2005).
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Structural Organization of Cellular Processes and the
Regulation of Cell Cycle

In this chapter, we would like to draw attention to macromolecular structure of the
cell and its impact on the integration of processes and regulation of the cell cycle
according to growth conditions.

Many years of biochemical and biophysical studies have accustomed us to think
of proteins as highly purified entities that act in isolation, more or less freely diffus-
ing until they find their cognate partner to bind to. While in vitro experiments largely
remain the only way to investigate the intrinsic properties of molecules in detail, this
approach ignores an important factor: In their natural milieu, proteins are surrounded
by other molecules of different chemical nature, and this crowded environment can
considerably modify their behavior. About 40 % of the cellular volume, on average,
is occupied by all sorts of molecules. Furthermore, biological macromolecules live
and operate in an extremely structured and complex environment within the cell,
where they are subjected to crowding and confinement (Foffi et al. 2013).

E. coli cell consists of plethora of different compounds, while genetic material
of this bacterium contains about 4,000 genes. The fundamental question to under-
stand bacterial physiology, applying also to all living systems, is how cells manage
to coordinate the usage of so many constituents to produce a phenotype adequate
to external and internal conditions, yet retaining the ability to adapt to changing
environment (Norris et al. 2013). Zooming into cellular processes, a similar ques-
tion may be asked with respect to the regulation of bacterial cell cycle: How do
cells integrate various external and internal signals to decide when to duplicate
their genetic material and divide?

A hint to answer this question comes from large-scale proteomic studies per-
formed in several bacterial species. Particularly, investigation of protein—protein
interactions in one of the smallest bacteria, Mycoplasma pneumoniae, revealed a
factory-like organization of the cell, where proteins are arranged into multi-subunit
complexes, whereas around one-third of the uncovered interactions play a role of
connectors, coupling various processes. These results suggested a higher level of
proteome organization, involving extensive sharing of components between com-
plexes and implying protein multifunctionality (“moonlighting”) (Kuehner et al.
2009). In addition, many interactions inferred previously in proteome-wide stud-
ies of E. coli (Butland et al. 2005) were shown to be conserved in M. pneumoniae
(Kuehner et al. 2005).

The picture of bacterial cell, where processes are orchestrated by the formation
of macromolecular complexes and exchange of components between them, has
been reflected in several recently published hypotheses on mechanisms governing
cellular organization and physiology. The first of them is based on physicochemical
properties of cytoplasm and suggests that in bacteria, subcellular structuring arises
from localizations and interactions of biomacromolecules and from the growth and
modifications of their surfaces by catalytic reactions (Spitzer 2011). Non-covalent
interactions between macromolecules (including proteins) lead to the formation of
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large multicomponent molecular complexes (multiplexes) and local high degree
of molecular crowding (supercrowding). Consequently, supercrowded complexes
structure the cytosol into electrolyte pathways and nanopools that electrochemi-
cally “wire” the cell. This non-uniform crowding model allows for fast diffusion of
biomacromolecules in the uncrowded cytosolic reservoirs, while the lower molecu-
lar weight metabolites are channeled due to the absence of sufficient free volume
to attain bulk composition independent of their position. Most of the proteins were
proposed to be multiplexed into assemblies associated with either cell envelope
or the nucleoid and cross the less-crowded reservoirs by diffusion (Fig. 1a). Such
organization would greatly reduce the infinite number of possible biochemical
reactions occurring in unstructured cytoplasm (Spitzer et al. 2011).
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Fig. 1 Coordination of cellular processes at the level of macromolecular complexes. a Non-
covalent interactions between biomolecules (upper panel, spheres) lead to high local degree of
molecular crowding which structures the cytoplasm and channels metabolites. Multicomponent
macromolecular complexes are proposed to be associated mainly with the cell membrane and
the nucleoid (lower panel, yellow and green compartments), leaving the interior free for diffu-
sion. b Hyperstructures represent an intermediate level of cellular organization between indi-
vidual molecules and the cell as a whole. Non-equilibrium hyperstructures may be composed of
proteins, their cognate genes, and RNAs, and they are formed to perform a certain function and
disassembled when no longer needed (upper panel). Cell cycle is driven by a balance between
non-equilibrium and equilibrium hyperstructures (lower panel). In a growing bacterium (gray
ellipses), the quantity of equilibrium hyperstructures (blue rectangles) relative to non-equilibrium
ones (yellow spheres) increases. At a critical threshold, a signal is emitted (t2, red lightning),
which results in the transition of some of the equilibrium material to non-equilibrium hyper-
structures, and this triggers the initiation of DNA replication at the origins. ¢ Macromolecular
assemblies (green spheres), such as ribosomes and metabolons, may serve as depots of regula-
tory proteins (shown in blue), which are released upon a certain signal and control other cellu-
lar processes. The three hypotheses illuminate how reduction of compositional complexity of the
cell is achieved to allow for coordination of different processes according to growth conditions
(see text and references therein)
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A related hypothesis proposes that macromolecular complexes serve as depots
for regulatory proteins (Ray et al. 2013). Namely, multicomponent assemblies,
such as ribosome, which perform essential cellular functions, were proposed to
contain proteins that upon induced release acquire auxiliary functions and regulate
other processes (Fig. 1c). The induction may occur in response to various exter-
nal or internal signals, and upon freeing, the “daughter” protein may gain activity,
after being inhibited in the parental complex, perform a similar function to that
played in the parental complex in another cellular localization, or attain a differ-
ent, “moonlighting” activity (Ray et al. 2013). This hypothesis provides means of
communication between different processes and their coordination in accordance
with current metabolic status of the cell. Further on, we will present examples per-
taining to the regulation of bacterial cell cycle, where release of components from
macromolecular assemblies (ribosome, metabolons) under certain conditions may
contribute to the regulation of the DNA replication process.

Akin to the above-presented two hypothesis is the proposal that the cell cycle in
bacterial cell is regulated by a balance between equilibrium and non-equilibrium
hyperstructures, and in fact, it itself serves to maintain this balance, enabling the
cell to retain the capability to grow at feast and to survive during famine (Norris
and Amar 2012, and references therein). Non-equilibrium hyperstructures are
transient macromolecular assemblies necessary for growth (composed of genes,
mRNA, proteins, lipids, etc.), which are dependent on flow of energy and mate-
rial (Fig. 1b). They are formed to perform certain functions and are disassem-
bled when no longer required. On the other hand, equilibrium hyperstructures are
essential for cell survival (for instance, they may be constituted by assemblies of
enzymes in their inactive form). According to the hypothesis, maintaining intra-
cellular balance between the two types of hyperstructures involves intensity and
quantity sensing. The former relates to estimating the usage of non-equilibrium
hyperstructures (for instance, the number of transcribing RNA polymerases
per DNA unit) and is connected with nutrient availability and metabolic status,
whereas the latter pertains to sensing the quantity of equilibrium structures by the
cell. On attaining sufficient amount of equilibrium hyperstructures which may be
inherited by the daughter cells and reaching by the non-equilibrium hyperstruc-
tures, the intensity which might limit further growth, signals (of various nature)
would be emitted which would trigger initiation of the new cell cycle (Fig. 1b)
(Norris and Amar 2012).

All the three hypotheses involve macromolecular complexes and communica-
tion between them as a higher level of cellular organization that enables integra-
tion of multiple internal and external signals to fewer outcomes which the cell can
interpret. Several lines of evidence exist, showing that DNA replication is also car-
ried out by macromolecular complexes or hyperstructures. Namely, SeqA protein,
which binds hemimethylated DNA and is responsible for origin sequestration (for
a review, see Waldminghaus and Skarstad 2009), was also shown to be involved
in the organization of replication forks into conspicuous structures which can be
microscopically visualized as SeqA foci (Molina and Skarstad 2004). The num-
ber of foci and the extent of their colocalization with the replication fork depend
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on the growth rate, and as no increase in their number is observed during repli-
cation initiation, new replication forks were proposed to be recruited to existing
structures (Morigen et al. 2009; Fossum et al. 2007). This hyperstructure may also
involve ribonucleotide reductase and other replication enzymes (Guzman et al.
2002, Molina and Skarstad 2004; Sanchez-Romero 2010).

Interestingly, in B. subtilis, replication proteins were shown to form a network
of interactions, encompassing proteins engaged in distinct cellular functions: car-
bohydrate and amino acid metabolism, signal transduction, transcription, and
chemotaxis (Noirot-Gros et al. 2002). Uncovering the rules regulating the forma-
tion of replication hyperstructures and their potential communication with other
macromolecular assemblies engaged in essential cellular functions seems to be
crucial for gaining insight into physiological regulation of DNA replication.
Below, we describe recently demonstrated examples of functional and physical
interactions between components of the replication machinery and other com-
plexes, performing vital cellular processes, and discuss their role in the coordina-
tion of chromosomal DNA duplication with bacterial physiology.

The Link Between Metabolism and DNA Replication

The CCM is a set of biochemical pathways devoted to transport and oxida-
tion of main carbon sources. In E. coli, it consists of phosphotransferase sys-
tem, glycolysis, gluconeogenesis, the pentose—monophosphate bypass with the
Entner—Doudoroff pathway, and Krebs cycle with the glyoxylate bypass and the
respiratory chain. A direct link between metabolism and DNA replication has
been suggested by a study exploring protein—protein interaction network associ-
ated with Bacillus subtilis replication machinery (Noirot-Gros et al. 2002). That
work, exploiting yeast two-hybrid system, showed that several enzymes engaged
in carbohydrate or amino acid metabolism interact in vivo with proteins involved
in DNA replication. Importantly, an interaction was demonstrated between the
DnaG primase and components of the large dehydrogenase complexes (PdhC,
AcoC, BfmAB), catalyzing decarboxylation of acetoin and 2-oxo acids to generate
acetyl-CoA and NADH. BfmAB was also found to associate with B. subtilis repli-
cative helicase—DnaC (Noirot-Gros et al. 2002) (Table 1). Interestingly, PdhC—
E2 subunit of pyruvate dehydrogenase complex—had been previously identified
as a membrane-associated factor responsible for the inhibition of B. subtilis DNA
replication (Stein and Firshein 2000). In addition, AcuB, another member of ace-
toin catabolism pathways, was singled out by yeast two-hybrid system as an inter-
acting partner of YabA (Noirot-Gros et al. 2002) (Table 1), the regulator of helical
filament formation by DnaA (Scholefield and Murray 2013). Thus, uncovering of
a complex network of protein—protein interactions formed by the replisome pro-
vided an indication of a direct coordination of DNA replication with metabolic
processes and other cellular activities; however, no functional relation between the
respective proteins was characterized.
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Table 1 Experimentally confirmed interactions of the replication machinery components with
proteins engaged in transcription, translation, central carbon metabolism, and nucleoid dynamics

Replication | Interacting protein Organism | Interaction outcome References

protein

DnaG PdhC, E2 subunit of B. subtilis | Unknown Noirot-Gros
pyruvate dehydrogenase et al. (2002)

DnaG AcoC, acetone dehydro- | B. subtilis | Unknown Noirot-Gros
genase, E2 component et al. (2002)

DnaG BfmBAB, 2-oxoisovaler- | B. subtilis | Unknown Noirot-Gros
ate dehydrogenase (E1 et al. (2002)
beta subunit)

DnaC BfmBAB, 2-oxoisovaler- | B. subtilis | Unknown Noirot-Gros
ate dehydrogenase (E1 et al. (2002)
beta subunit)

YabA AcuB, function unknown, | B. subtilis | Unknown Noirot-Gros
(AcuA and AcuC, which et al. (2002)

belong to the same
operon that takes part
in acetate and fatty acid

metabolism)

DnaA RNA polymerase E. coli DnaA partially protects | Flatten et al.
RNA polymerase from | (2009)
rifampicin inhibition

DnaA L2, ribosomal protein E. coli L2 interacts with the Chodavarapu
N-terminal part of etal. (2011)
DnaA. Oligomerization
of DnaA and helicase
loading are inhibited

DnaA HU o subunit E. coli a subunit of HU inter- | Chodavarapu
acts with the N-terminal | et al. (2008a)
region of DnaA.

Interaction stabilizes
DnaA oligomer at oriC

DnaA Dps, nucleoid-associated | E. coli Dps interacts with Chodavarapu

protein N-terminal region of et al. (2008b)

DnaA and inhibits
origin unwinding.
Overexpression of
Dps blocks initiation
of DNA replication in
synchronized cells

Another hint of the possible direct influence of metabolic pathways on the
activity of replication proteins was obtained in genetic experiments carried out in
B. subtilis. Temperature-sensitive phenotype resulting from changes in one of the
proteins responsible for replication elongation DnaG (primase), DnaC (helicase;
note that a homologous protein from E. coli is called DnaB), and DnaE (lagging
strand DNA polymerase) was suppressed by mutations in genes encoding enzymes
which carry out terminal reactions of glycolysis (pgk, pgm, eno, pykA) (Janniere
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et al. 2007). Since that work provided the first evidence for a direct genetic link
between DNA replication and glycolysis, we consider that it deserves a more
detailed description and discussion, which is presented below.

It is generally known that bacterial cells bearing mutations causing impairment
of functions of replication elongation proteins at elevated temperatures (for mes-
ophilic bacteria, such as B. subtilis or E. coli, it means usually 42-49 °C) form
filaments and die shortly after a shift to restrictive temperature, due to inhibition
or severe reduction of DNA synthesis (James 1975; Versalovic and Lupski 1997;
Dervyn et al. 2001; Kawakami et al. 2001; Strauss et al. 2004). When looking for
extragenic suppressors of temperature-sensitive mutations in the gene coding for
B. subtilis DNA polymerase responsible for lagging strand DNA synthesis (dnakE),
Janniere et al. (2007) mapped several suppressor mutations, allowing growth of
the dnaE mutants at temperatures between 45 and 49 °C. To their surprise, the
suppressor mutations were mapped to pgk, pgm, eno, and pykA genes, coding for
enzymes catalyzing terminal reactions of glycolysis, rather than to genes which
functions are related directly to DNA metabolism. Several experiments indicated
that the suppression was direct. Namely, the parental temperature-sensitive dnaFE
mutants became temperature resistant after transferring the pgkEP, pgm8, pgmlIP,
or pykAJP mutations to them. Moreover, dnaE mutants carrying a suppressive
mutation in pgk, pgm, eno, or pykA became temperature sensitive after introduc-
tion and expression of wild-type alleles of the glycolytic genes. In addition, artifi-
cial deletion of the pykA gene caused suppression of temperature sensitivity of the
dnaFE mutant.

The suppression of dnaE temperature sensitivity by mutations in pgk, pgm, eno,
and pykA genes was particularly strong. The suppressed strains grew at restric-
tive temperatures for over 20 generations. They formed wild-type-like colonies
and had a plating efficiency around 100 % under these conditions. Contrary to
the temperature-sensitive dnaE mutants, suppressed strains did not form filaments
after incubation at elevated temperatures. Moreover, the suppressed strains grew
as fast as the corresponding metabolic mutants bearing the wild-type dnaE allele
at restrictive temperatures (Janniere et al. 2007). Further studies demonstrated that
such a strong suppression by mutations in pgk, pgm, eno, and pykA genes occurs
also for temperature-sensitive mutants in dnaC and dnaG genes (Janniere et al.
2007). Therefore, replication functions of the lagging strand DNA polymerase
(DnaE), DNA helicase (DnaC), and primase (DnaG) appeared to be somehow reg-
ulated by functions of enzymes involved in glycolysis.

In a series of elegant experiments, Janniere et al. (2007) indicated that the sup-
pression of mutations in replication genes by specific mutations in genes encoding
glycolytic enzymes is direct rather than indirect. They found that the suppres-
sion of temperature sensitivity of dnaFE, dnaC, and dnaG mutants could not be
caused by osmotic, energetic, or nutritional stresses, i.e., under conditions which
one might suppose to occur in cells devoid of pgk, pgm, eno, and pykA functions.
Moreover, the suppression did not depend on the growth rate decrease. Finally,
they have demonstrated that the suppression did not depend on accumulation of
the temperature-sensitive replication proteins, but rather these proteins, products
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of the mutated dnaE, dnaC, and dnaG alleles, became temperature resistant in
cells bearing the suppressor mutations.

The question remained what is a mechanism for a direct link between regula-
tion of DNA replication and terminal reactions of glycolysis. Janniere et al. (2007)
suggested that activity of this part of glycolytic pathway evokes conformational
changes in the replisome components. Such alterations might result from protein
binding to metabolites, post-translational modifications, or physical protein—pro-
tein interactions. Moreover, Janniere et al. (2007) suggested that the link between
DNA replication and cell metabolism (particularly CCM) may be ubiquitous
not only among bacteria but also in eukaryotic organisms. If so, determining the
mechanisms of this link may be important to understand more complex processes,
such as cell cycle control and carcinogenesis. Early events of the latter process
include stimulation of glycolysis (the Warburg effect) and a decrease in DNA rep-
lication fidelity (Loeb et al. 2003; Gatenby and Gillies 2004). Therefore, one can
speculate that perturbations of the link between DNA replication and metabolism
might contribute significantly to carcinogenesis.

The question whether the replication—metabolism link is ubiquitous (at least
among bacteria) or unique to B. subtilis has been addressed subsequently. In fact,
the interplay between CCM and DNA replication was demonstrated to occur in
E. coli (Maciag et al. (2011), corroborating the proposal by Janniere et al. (2007)
about universality of this phenomenon. In E. coli, effects of mutations in dnaE
(encoding the o subunit of DNA polymerase III), dnaN (coding for DNA poly-
merase III § clamp), and dnaG (coding for the primase) were partially suppressed
by deletions of genes coding for enzymes involved in glycolytic, acetate overflow,
and pentose—phosphate pathways (Maciag et al. 2011) (Fig. 2). Interestingly, the
strongest suppression was observed in the case of a mutation in the gene coding
for the replication initiator—dnaA. Defects of the DnaA46 protein, resulting in
temperature-sensitive growth of strains bearing the mutant initiator, were over-
come by the absence of enzymes comprising acetate overflow mechanism (pfa and
ackA) (Fig. 2). As in the case of the study on B. subtilis (Janniere et al. 2007), the
suppression of temperature sensitivity of replication mutants by dysfunctions of
genes coding for CCM enzymes was direct rather than indirect. First, expression of
appropriate wild-type allele of the CCM gene reversed effects of temperature sen-
sitivity suppression by the corresponding mutant allele. Second, although in most
cases, the growth rates of the double mutants revealing suppression of the tempera-
ture sensitivity were lower at 30 °C than in wild-type bacteria, a similar or lower
decrease in the growth rate was observed also in double mutants which did not
suppress the temperature sensitivity; thus, the observed suppression effects could
not be caused simply by a decrease in bacterial growth rate. The latter conclusion
has been supported by results of experiments in which the suppression could not
be achieved by the growth of the replication mutants in media containing various
carbon sources which allow for different growth rates (Maciag et al. 2011).

The results reported by Maciag et al. (2011) and summarized above indicated
that at least in E. coli, direct metabolic control may exist not only at the elongation
stage of DNA replication but also at its initiation phase. This is also interesting in
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Fig. 2 The scheme of the central carbon metabolism (CCM, upper panel), with indicated
genes coding for enzymes involved in particular reactions. Lower panel demonstrates the pat-
tern of suppressions of effects of mutations in genes coding for replication factors in B. sub-
tilis and E. coli by particular mutations in genes coding for CCM enzymes, involved in
glycolysis/gluconeogenesis, pentose phosphate pathway (PPP), or the overflow reactions. In
both panels, red color indicates specific suppressions in B. subtilis, and blue color indicates
specific suppressions in E. coli. Abbreviations: 1,3-BGP 1,3-biphosphoglycerate, 2PG
2-phosphoglycerate, 3PG 3-phosphoglycerate, G3P galactose-3-phosphate, G6P glucose-6-
phosphate, F6P fructose-6-phosphate, OXA oxaloacetate, FBP fructose-1,6-bisphosphate,
GAP glyceraldehyde-3-phosphate, PEP phosphoenolpyruvate, PYR pyruvate, RuSP ribulose-
5-phosphate, RSP ribose-5-phosphate, S7P sedoheptulose-7-phosphate, E4P erythrose-4-
phosphate, Ac-CoA acetyl coenzyme A, Acetyl-P acetyl phosphate, Ac-AMP acetyl-AMP, CIT
citrate, SUC succinate, X5P xylulose-5-phosphate. From Baranska et al. (2013)

light of recent findings showing that timing of the DNA replication initiation is
strictly coupled to cell size (mass) in E. coli but not in B. subtilis (Hill et al. 2012),
emphasizing that the specific mechanisms of coupling DNA replication to cell
growth differ among bacteria. However, general solutions ensuring this coordina-
tion, including a direct link between CCM and DNA replication, are preserved.
Like in studies on B. subtilis (Janniere et al. 2007), experiments performed on
E. coli demonstrated that most (but not all) of the genetic changes that restored
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viability of replication mutant cells at increased temperatures alleviated also fila-
mentation and aberrant chromosome positioning caused by the defects of the repli-
cation machinery (Maciag-Dorszynska et al. 2012).

Intriguingly, alterations in carbon metabolism enhanced or suppressed also
mutator phenotypes of dnaQ49 and dnaX36 mutant strains (Maciag et al. 2012).
The dnaQ gene codes for the ¢ subunit of DNA polymerase III, and dnaQ49 is
a recessive allele which confers a temperature-sensitive phenotype of decreased
fidelity of DNA synthesis (Nowosielska et al. 2004). The dnaX36 mutation causes
a dysfunction of the t subunit DNA polymerase III, which results also in a muta-
tor effect (Gawel et al. 2011). In two independent assays measuring frequency of
appearance of spontaneous (i.e., not induced by chemical of physical mutagens)
mutations, it was found that deletions of pta, ackA, acnB, and icdA genes consider-
ably decreased the number of mutants among bacteria bearing the dnaQ49 allele
(Maciag et al. 2012). Moreover, deletions of zwf, acnB, and icdC genes suppressed
the mutator phenotype of the dnaX36 mutant. On the other hand, mutations in pta
and ackA genes enhanced the DNA replication fidelity defect characteristic for the
dnaX36 mutant (Maciag et al. 2012). Since it was found that single mutations in
tested genes coding for CCM enzymes revealed no significant differences in the
frequency of mutations relative to the wild-type bacteria, Maciag et al. (2012)
concluded that the effects observed in the double mutants could not be explained
by putative primary influence of dysfunction of the CCM genes on mutation fre-
quency. Moreover, the observed suppression and enhancement effects were not
caused by changes in bacterial growth rates.

It is worth stressing that among genes whose deletion further impaired fidel-
ity of replication in the above-mentioned mutators were pta and ackA, which
encode enzymes involved in the acetate/acetyl-CoA pathway (Maciag et al. 2012).
Changes in the same metabolic genes were also identified to cause synthetic inhi-
bition of growth in combination with defects in DNA recombination/repair genes
recA and recBC (Shi et al. 2005). Comparison of the effect of pka/ackA dysfunc-
tion on the ability of growth of other recombination mutants resulted in proposal
that the inhibition of colony formation by ptk/ackA rec double mutants results
from accumulation of double-strand breaks caused by destruction of acetate over-
flow mechanism (Shi et al. 2005). This, in turn, might suggest impairment of repli-
cation machinery in such strains.

Another example of interrelation between carbon metabolism and DNA rep-
lication has been uncovered recently. Namely, it was found that an absence of
AspC function leads to generation of small cells, decreased frequency of ini-
tiation of DNA replication, and slower growth (Liu et al. 2014). The aspC gene
encodes an aminotransferase involved in synthesis of aspartate from oxaloacetate.
Overproduction of AspC in the AaspC background leads to an increase in the
number of origins per cell, and similar effect was evoked by addition of aspar-
tate to a wild-type strain culture medium. In addition, the presence of aspartate
was accompanied by higher growth rate and enlarged cell size. Interestingly, of 20
amino acids, only aspartate affected both DNA replication and cell size, whereas
glutamate stimulated the number of origins per cell and growth rate. The absence
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of AspC resulted in a decrease in the amount of the DnaA protein per cell, but
did not change its concentration, suggesting that aspartate metabolism may indi-
rectly regulate initiation of DNA replication by affecting DnaA availability for
oriC. In E. coli, amino acid and sugar metabolisms are interlinked, and aspartate
serves also as a precursor for the synthesis of other amino acids, pantothenic acid
(precursor of CoA), NAD, and nucleotides. Therefore, it was suggested that aspar-
tate metabolism may serve as a hub, interlinking carbon metabolism with DNA
replication, cell growth, and division (Liu et al. 2014). It is worth noting that a
direct link between metabolism and cell size control has been recently established
in three model bacterial organisms. It was demonstrated that in B. subtilis and
E. coli, UDP-glucose signals nutritional status to the cell division machinery via
an interaction with functional homologues, UgtP and OpgH glycosyl transferases,
respectively. Under conditions supporting fast growth rates, UDP—glucose accu-
mulates and glycosyl transferases delay cell division by directly inhibiting FtsZ
assembly until the cell reaches a proper size (Weart et al. 2007; Hill et al. 2013).
Conversely, low levels of UDP-glucose during slow growth result in division
occurring at lower cell length. Also, in C. crescentus, KidO—a NAD(P)H oxidore-
ductase homolog—inhibits FtsZ ring formation, and therefore, it was suggested
that cell size is coordinated in this bacterium by NAD(P)H level. It was proposed
that in E. coli, aspartate metabolism may affect cell size by modulating UDP—glu-
cose concentration, coordinating timing of the initiation of DNA replication with
cell division (Liu et al. 2014).

Here, we would like to come back to the suggestion that if the replication—-CCM
link is ubiquitous and occurs in most, if not all, organisms, it may have serious
implications for not only regulation of DNA replication, but also more complex pro-
cesses, including carcinogenesis (Janniere et al. 2007; Barariska et al. 2013). About
forty years ago, the mutator hypothesis was proposed (Loeb et al. 1974) to explain
that a high number of mutations are usually needed for carcinogenesis, while there
is a relatively low level of spontaneous mutation rate in normal cells. Subsequent
works confirmed that multiple genetic changes are required to cause malignancy
and that tumors exhibit different types of genetic instability. More recent studies
indicated that apart from chromosomal aberrations and microsatellite instability,
well documented in the literature, base substitutions and small deletions/insertions
play important roles in carcinogenesis (reviewed and summarized by Preston et al.
2010). This point mutation instability is an important pathway to cancer as single
nucleotide sequence changes can activate oncogenes and inactivate tumor sup-
pressors. Therefore, if the link between CCM and DNA replication fidelity, dem-
onstrated in E. coli by Maciag et al. (2012), exists also in human cells, one might
suppose that specific changes in efficiencies of particular CCM reactions and/or
metabolic variations connected to CCM could significantly affect the mutation rates
during human DNA replication and thus considerably influence the carcinogenesis.

Although the nature of the interplay between components of the replication
complex and metabolic pathways is currently unknown, there are several pos-
sibilities how changes in CCM enzymes may influence DNA replication pro-
cess. Firstly, some of the intermediate metabolites serve as signaling molecules,



20 DNA Replication Control in Microbial Cell Factories

and their accumulation may lead to global changes of cellular physiology. For
instance, a number of studies suggested that acetyl phosphate, produced by phos-
photransacetylase (Pta) during acetogenesis or by acetate kinase (AckA) during
acetate degradation, most likely plays a role for a phosphoryl donor to a subset of
two-component response regulators that control diverse cell functions (reviewed by
Wolfe 2010). Secondly, imbalanced level of metabolites, for example acetyl-
CoA, or lack of the activity of some enzymes may directly cause changes in post-
translational modifications and hence activity of the replication apparatus (for
instance, acetylation, in the absence of Pta-AckA pathway). Phosphorylation of
single-stranded DNA (ssDNA)-binding (Ssb) proteins was demonstrated to occur in
B. subtilis and E. coli and to modify their affinity for ssDNA (Mijakovic et al. 2006).

Another possibility is that protein—protein interactions between metabolic
enzymes and components of the replication machinery are absent or altered in
the studied mutants. Although no physical association was proven in the cases
described above, the properties of some of the glycolytic enzymes described in
both prokaryotic and eukaryotic organisms imply such a possibility. It was shown
that several of these metabolic proteins (hexokinase, lactate dehydrogenase, eno-
lase, glyceraldehyde-3-phosphate dehydrogenase) are multifunctional (“‘moon-
lighting”) enzymes, and except their role in carbohydrate utilization pathways,
they take part in the regulation of distinct processes such as transcription, apopto-
sis, and motility (reviewed in Sirover 2011; Kim and Dang 2005).

Of particular interest are functions of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and lactate dehydrogenase (LDH) in the activation of the histone H2B pro-
moter during the S phase in mammalian cells (reviewed by He et al. 2012). In this
case, GAPDH is a key component of the H2B promoter activating complex (OCA-
S) (Zheng et al. 2003). GAPDH activates transcription using NAD(H) as a cofactor
(Zheng et al. 2003), whereas LDH—when present in OCA-S—converts NADH to
NAD™ (Dai et al. 2008). Since transcription of the gene coding for histone H2B is
confined to a certain NADT/NADH ratio (Dai et al. 2008), GAPDH and LDH most
likely control transcription and S phase progression via sensing intracellular redox
status (Yu et al. 2009). It was also proposed that OCA-S-mediated regulation, modu-
lated via NAD(H), may be directly applied also to DNA-synthesizing machinery (He
et al. 2012). Thus, in eukaryotic cells, moonlighting activities of CCM enzymes coor-
dinate transcription and replication of the genetic material in accordance with meta-
bolic status of the cell. It is possible that similar mechanisms operate also in bacteria.
Recently, GAPDH of E. coli was shown to interact in vivo with a bunch of proteins
engaged in various processes, including DNA repair (Ferreira et al. 2012).

Transcriptional Activation: The Unsolved Problem

In early studies on DNA replication in E. coli, it was noticed that rifampicin,
which inhibits RNA polymerase activity, prevents also initiation of DNA replica-
tion both in vivo and in a reaction performed in crude extracts. This led to the
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proposal of a direct engagement of RNA polymerase and transcription process in
the activation of oriC for replication. This conclusion was further supported by the
observation that thermal sensitivity of certain dnaA mutants can be suppressed by
a secondary mutation in the rpoB gene, encoding the § subunit of RNA polymer-
ase (Atlung 1984). Allele specificity of this suppression was suggested to be an
indication for a direct interaction between RNA polymerase and the DnaA pro-
tein. Importantly, formation of a physical complex between RNA polymerase and
DnaA has recently been confirmed in vitro (Flatten et al. 2009). However, physi-
ological importance of this interaction has not been clarified. DnaA regulates also
transcription from several promoters, including the promoter of the dnaA gene
(reviewed in Messer and Weigel 2003), and thus, it is not clear whether the inter-
action between RNA polymerase and the replication initiator plays a role in the
regulation of transcription or control of DNA replication, or both.

Efforts to identify promoters responsible for the transcriptional activation step
have been unsuccessful. The best candidates for the regulation of oriC activity
seemed to be two promoters flanking this region: mioC and gidA, whose activi-
ties were found to fluctuate in accordance with the cell cycle. Transcription from
mioC, situated downstream of oriC and directing its transcription toward DAR, is
shut down prior to initiation, whereas activity of gidA, residing upstream of the
AT-rich region, transcribing away from oriC, is repressed just after the start of
replication (Theisen et al. 1993). Deletion of these promoters, however, had no
effect on the initiation of chromosomal DNA replication, although minichromo-
somes devoid of any of them displayed perturbations in replication and stability
(Bates et al. 1997; Lobner-Olesen and Boye 1992). Thus, transcriptions from gidA
and mioC promoters do not regulate replication from oriC; however, their putative
effects on the topology of this DNA region may play a role under unfavorable con-
ditions. In fact, activity of gidA was demonstrated to be necessary in the absence
of DnaA box R4 (Bates et al. 1997). Furthermore, a constitutive expression from
mioC was shown to increase thermal sensitivity of some dnaA mutants and sup-
press the phenotype of dnaAcos, a mutant which at 30 °C reveals overinitiation of
DNA replication and subsequent growth arrest (Su’etsugu et al. 2003).

Recently, new light was shed on the potential role of transcription and associ-
ated changes in DNA topology on the regulation of the oriC activity. In a series
of elegant experiments, Kaur and colleagues have shown that none of the high-
affinity DnaA-binding sites in oriC is essential for its function however, loss of
two such sites inactivates the origin. Moreover, oriC lacking R1 or R4 became
dependent on the function of IHF and Fis. In addition, binding DnaA to high-
affinity sites abrogated spontaneous unwinding of the 13-mere region, which was
not observed in the case of origins lacking a functional high-affinity binding site.
Elimination of R4 abolished also Fis-mediated repression of DnaA and IHF bind-
ing to the left half of oriC. On the basis of these results, a model was proposed in
which high-affinity sites have a role in establishing a special conformation of oriC
that restricts the amount of bending tolerated by oriC and allows for switch-like
transition from ORC to pre-RC. DNA topology, similarly to the effect observed in
the case of LacR or \ CI-mediated repression of transcription (Czapla et al. 2013;
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Norregaard et al. 2013), may influence loop stability and DnaA protein ability to
form the effective oriC conformation. Dependence of oriC function on the gidA
promoter activity in the absence of R4 DnaA-binding site may support this notion
(Bates et al. 1997). This model would also account for the role of HU protein,
which could provide necessary degree of flexibility to the formed isolated DNA
domain (Becker et al. 2005).

Although the mechanism(s) of regulation of oriC activity by transcription still
remains elusive, a hint for its possible role comes from the studies on DNA rep-
lication control of bacteriophage \. The origin of bacteriophage A DNA repli-
cation, called ori), is located in the middle of the O gene (reviewed in Wegrzyn
and Wegrzyn 2005; Wegrzyn et al. 2012). The O gene codes for the replication
initiator protein, which binds to the replication origin, forming the nucleoprotein
structure called “O-some.” The second A replication protein, the P gene product,
is involved in delivery of the host (E. coli)-encoded DNA helicase, the DnaB pro-
tein, to the O-some. The formed ori-O—P-DnaB structure, called “preprimosome,”
is stable but inactive in promoting DNA replication due to strong interactions
between P and DnaB proteins which prevent the helicase activity of the latter com-
ponent. Therefore, remodeling of the preprimosome is necessary, which is per-
formed by the action of heat-shock proteins (molecular chaperones): DnaK, Dnal,
and GrpE. Importantly, heat-shock-protein-dependent preprimosome remodeling
is coupled with transcriptional activation of orik, a process of transcription pro-
ceeding through and further downstream of the replication origin. This transcrip-
tion process is necessary for efficient initiation of X DNA replication in vivo even
if all replication proteins are provided (reviewed in Wegrzyn and Wegrzyn 2005;
Wegrzyn et al. 2012). Studies demonstrating that »O replication initiator enhances
transcription-induced supercoiling by DNA gyrase and has an ability to form top-
ologically isolated domain suggested the mechanism of transcriptional activation
based on the changes in DNA topology, introduced by RNA polymerase (Leng and
McMacen 2002; Leng et al. 2011). Results of recent studies indicated that RNA
polymerase directly interacts with the O replication initiator protein, which, con-
trary to DnaA, is not involved in transcriptional regulation (Szambowska et al.
2011). Thus, the formation of a complex between RNA polymerase and the rep-
lication initiator may influence prereplication complex assembly and affect tran-
scription-coupled changes of DNA topology. Notably, in the case of bacteriophage
A, transcription was shown to regulate directionality of replication starting from
ori) (Baranska et al. 2001). For E. coli, it was also suggested that the helicase
moving leftward from the origin is loaded first into the replication forks, to main-
tain stability of the initiator complex before the formation of the rightward repli-
some (Breier et al. 2005), whereas DNA topology was shown to influence the
timing of the release of replication forks.

The above-listed findings make the transcription-coupled topological changes
of DNA a likely candidate to regulate the replication initiation step (Smelkova and
Marians 2001). It was demonstrated that rifampicin causes global chromosome
decompaction, which could be the cause of replication initiation arrest (Cabrera
et al. 2009). Similar effect is also exerted by guanosine tetraphosphate (ppGpp),
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an alarmone of the stringent response (the bacterial response to nutritional depri-
vation, particularly amino acid starvation; for a review, see Potrykus and Cashel
2008), due to inhibition of transcription from rRNA promoters (Cabrera et al.
2009). The mechanism of the inhibitory effect of ppGpp on the initiation of DNA
replication in E. coli also remains obscure. Intriguingly, ppGpp-mediated arrest
of the initiation of DNA replication is abolished in segA mutants, and this effect
is largely independent of the sequestration of oriC (Ferullo and Lovett 2008).
It was demonstrated that segA mutants have altered the level of chromosomal
DNA supercoiling and displayed global changes of transcription (Klungsoyr and
Skarstad 2004; Lobner-Olesen et al. 2003). Thus, both global chromosome struc-
ture and more local changes of DNA topology, driven by transcription, may play a
role in coupling of physiological state of the cell to DNA replication.

The above-mentioned stringent control alarmone, ppGpp, is one of the fac-
tors linking bacterial cell metabolism to regulation of RNA synthesis and thus
indirectly but significantly influencing the control of bacterial DNA replica-
tion. Although the mechanisms of ppGpp-mediated regulation of replication of
E. coli chromosome are still not fully elucidated, it appears clearly that another
replicon functioning in this bacterium, A\ plasmid, is negatively controlled by this
nucleotide due to inhibition of activity of the pr promoter (Wrébel et al. 1998)
and resultant inefficient transcriptional activation of the origin (for a review, see
Wegrzyn and Wegrzyn 2005). Indeed, replacement of pr with another promoter,
insensitive to ppGpp, abolished the stringent response-dependent negative regula-
tion of A plasmid replication initiation (Szalewska-Patasz et al. 1994).

In E. coli, ppGpp binds to RNA polymerase, directly influencing the regula-
tion of transcription initiation from vast majority of promoters (Ross et al. 2013;
Zuo et al. 2013). However, it was also demonstrated that DnaG primase is another
direct target for ppGpp action in both E. coli and B. subtilis; this nucleotide inhib-
its enzymatic activity of the DnaG protein (Wang et al. 2007; Maciag et al. 2010;
Rymer et al. 2012). Despite similar responses of DnaG primase to ppGpp in vitro,
earlier studies demonstrated that the stringent response alarmone inhibits DNA
replication at the initiation step in E. coli but at the elongation phase in B. subtilis
(Levine et al. 1991). Although more recent and more detailed studies have shown
that DNA replication elongation rate is decreased by high levels of ppGpp also
in E. coli, this effect was far less pronounced than in B. subtilis (DeNapoli et al.
2013). Perhaps surprisingly, evidence was demonstrated that while ppGpp influ-
ences the DNA replication elongation in E. coli cells only weakly, it strongly
inhibits DNA replication reconstructed in vitro from E. coli proteins (Maciag-
Dorszyriska et al. 2013). To explain this ostensible paradox, a hypothesis was pro-
posed, suggesting that although ppGpp inhibits activities of DnaG primases from
E. coli and B. subtilis to similar extent in vitro, this nucleotide might be unable
to efficiently block DNA replication elongation in E. coli cells due to its strong
interactions with abundant RNA polymerase molecules (Maciag-Dorszyriska et al.
2013). Thus, RNA polymerase would outcompete DnaG primase from ppGpp
binding in this bacterium, resulting in only minor effects of the stringent response
factor on DNA replication elongation (Bararska et al. 2013). There is a complete
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different scenario in B. subtilis cells. RNA polymerase of this bacterium does not
bind ppGpp, and transcription inhibition during starvation is caused by changes
in nucleotide pools (Krasny and Gourse 2004; Toyo et al. 2008). Therefore, the
B. subtilis DnaG primase is not outcompeted by RNA polymerase for interactions
with ppGpp and can be inhibited not only in vitro but also inside the cells. This
can result in the inhibition of DNA replication elongation (Bararska et al. 2013;
Maciag-Dorszyniska et al. 2013).

It is worth emphasizing that growing understanding of bacterial chromosome
organization and dynamics suggests that the chromosome itself is one of the
key elements orchestrating cellular processes in accordance with environmen-
tal conditions and defining cellular architecture (reviewed in Muskhelishvili and
Travers 2013; Dorman 2013; Ptacin and Shapiro 2013; Wang et al. 2013). The
chromosome of E. coli is compacted more than 1000-fold to fit inside the bac-
terial cell, and the principal mechanism by which this compaction is achieved is
negative supercoiling. The level of chromosomal supercoiling regulates transcrip-
tional activity of many promoters (Peter et al. 2004; Blot et al. 2006), and in turn,
it reflects the metabolic status of the cell (van Workum et al. 1996). It has been
demonstrated that DNA superhelicity influences DNA-binding properties of many
proteins (reviewed in Fogg et al. 2012); however, the exact impact of DNA topol-
ogy on the formation of the replication initiation complex remains poorly inves-
tigated. Even less is known about its effect on association of DnaA with other
chromosomal regions. Importantly, detailed studies on chromosome structure in
E. coli and C. crescentus have proven that transcription is a major structuring
force (Cagliero et al. 2013; Le et al. 2013). The above-mentioned investigation in
C. crescentus and earlier genetic studies on Salmonella enterica demonstrated that
transcription of highly expressed genes forms boundaries of supercoiled chromo-
somal domains (Le et al. 2013; Booker et al. 2010; Deng et al. 2004). In E. coli,
genes that are highly active during exponential phase and down-regulated dur-
ing induction of the stringent response displayed a high level of spatial clustering
(Cagliero et al. 2013, Jin et al. 2013). Remarkably, position of a gene on the chro-
mosome and overall nucleoid compaction has been shown to determine Lacl pro-
tein distribution within the cell (Kuhlman and Cox 2012). Thus, activity of RNA
polymerase has a great impact on chromosome structure (and vice versa), and this
way, it may also influence formation and localization of protein complexes, poten-
tially also those controlling DNA replication.

A striking example of mechanisms correlating metabolism, DNA structure,
transcription, and DNA replication comes from recent studies performed on yeast.
Continuously grown cultures of yeast can become spontaneously self-synchronized.
During ultradian cycle, cells oscillate between phases of increased and decreased
respiration (oxidative and reductive phases, respectively), which results in con-
comitant alterations in ATP:ADP ratio (Klevecz et al. 2004; Machne and Murray
2012). Oscillations are reflected in the whole transcriptome, organizing it into two
superclusters of genes related to cellular growth and anabolism expressed during
the phase of high oxygen uptake, and catabolism and stress response genes, active
during low oxygen uptake. The mechanism of the differential regulation of the two
clusters involves differences in histone occupancy between their promoters and
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differential effect of ATP-dependent chromatin remodeling machineries associated
with each cluster (Machne and Murray 2012). Importantly, DNA-replicating cells
are enriched during the reductive phase of each cycle, which may constitute a mech-
anism protecting DNA replication from the oxidative damage (Klevecz et al. 2004).
It is not known whether bacteria undergo similar oscillations between anabolic and
catabolic activities, but it was proposed that concomitant alterations in gyrase activ-
ity could lead to changes in DNA supercoiling around effectively transcribed genes
and their subsequent spreading across the genome (Rovinskiy et al. 2012).

Activity of DnaA Is Inhibited by Components
of Translation Machinery

In bacteria, the number of ribosomes in the cell rises proportionally to growth rate,
in accordance with increasing demands for protein synthesis (Bremer and Dennis
1996; Keener and Nomura 1996). Although the level of ribosomal proteins (RP) in
E. coli is coordinated with rRNA synthesis via translational repression of mRNA
by RPs (reviewed in Nomura et al. 1999), a substantial amount of free ribosomal
proteins is present in the cytoplasm (Ulbrich and Nierkhaus 1975), and they also
become released from the ribosome upon stress (Zundel et al. 2009). Many RPs,
especially in eukaryotic organism, have been demonstrated to perform extraribo-
somal functions (reviewed by Warner and Mclntosh 2009). In E. coli, the L4 pro-
tein was shown to modulate activity of RNase E and thus to influence degradation
of many mRNAs (Singh et al. 2009). Such “moonlighting” activities of RPs may
coordinate distinct cellular functions with growth or in response to adverse condi-
tions. Intriguingly, a component of the ribosome was also shown to affect activity of
replication proteins in E. coli. Formation of a complex between ribosomal protein
L2 and DnaA replication initiator was first suggested by results of proteomic stud-
ies (Butland et al. 2005). Subsequently, L2 was reported to interact directly with
the N-terminal domain of DnaA (Chodavarpau et al. 2011). This interaction desta-
bilized an oligomer formed by DnaA at oriC and hence impeded DnaB loading
(Fig. 2). Two forms of the L2 ribosomal protein, full length and C-terminally trun-
cated (dubbed tL2), were associated with the replication initiator with essentially
the same outcome. Overexpression of either L2 or tL2 reduced colony formation
by wild-type strain, and this effect was exacerbated in recA and recB recombination
mutants. However, excess of tL.2 failed to block initiation of replication in dnaCts
synchronized cells (Chodavarpau et al. 2011). This might suggest that special condi-
tions must be met to evoke L2-mediated inhibition of DnaA activity in vivo.

Like in bacteria, cell growth is a prerequisite for cell proliferation also in
eukaryotes. In response to proliferation stimuli, protein synthesis is enhanced, and
consequently, the increased anabolic demand is accomplished by elevated rate of
ribosome biogenesis (reviewed by Lempiainen and Shore 2009). Interestingly, it is
now well documented that in vertebrate cells, the surveillance of ribosome assem-
bly is a mechanism coupling cell growth to cell cycle, and aberrations in ribosome
biosynthesis led to the inhibition of cell cycle progression (reviewed in Deisenroth
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and Zhang 2010 and 2011). This control is performed by several ribosomal
proteins, which stabilize p53 tumor suppressor protein, resulting in the arrest of
the G1—S phase transition. Recently, cell cycle was showed to be controlled in
response to alterations in ribosome biogenesis also in Drosophila, in yeast, and
in a p53-independent manner in mammalian cells, suggesting that this might be
a ubiquitous and conserved mechanism (Donati et al. 2012). Furthermore, in
Saccharomyces cerevisiae, the Yphlp protein, engaged in ribosome biogenesis,
interacts with the origin recognition complex (ORC), and its depletion leads to the
arrest in Gy or G, phase (Du & Stillman 2002). Thus, it is possible that bacteria
employ similar tools to regulate DNA replication in accordance with the status of
translation machinery.

Nucleoid-Associated Proteins Modulate
Activity of the DnaA Initiator

Nucleoid-associated proteins play a vital role in the organization of bacterial
nucleoid. Owing to their capabilities to influence DNA topology and stabilize
different DNA structures, they regulate DNA transactions: transcription, recom-
bination, and DNA replication (for a review, see Browning et al. 2010). At oriC,
IHF and Fis were shown to govern prereplication complex assembly and origin
unwinding by influencing DNA structure (IHF) and physically blocking DnaA
binding to a subset of lower-affinity binding sites (Fis) (for a review, see Leonard
and Griwade 2011; Ozaki and Katayama 2011).

Interestingly, two nucleoid-associated proteins were shown to interact physi-
cally with DnaA and affect its ability to initiate DNA replication. Namely, HU,
a dimeric protein, encoded by two closely related genes, is expressed in a growth
phase-dependent manner (Claret and Rouviere-Yaniv 1997) (Fig. 3). It binds to
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Fig. 4 Interaction of DnaA with nucleoid-associated proteins (HUa, Dps) and the ribosomal L.2
protein regulates the formation of DnaA oligomer and subsequent origin unwinding. DnaA (blue
spheres) binds to high-affinity sites (light blue rectangles) for most of the cell cycle. During the
initiation of DnaA replication, it occupies low-affinity sites (shown as pink panels), which results
in the formation of a helical DnaA filament and DNA unwinding at the DUE element. Position
and directionality of transcription from the gidA promoter were depicted by a black arrow

chromosomal DNA non-specifically and stimulates strand opening at oriC in vitro.
It was shown that the o dimer of HU has a stronger effect than other forms of the
protein. The o subunit of HU interacts with the N-terminal region of DnaA and
stabilizes the DnaA oligomer bound to oriC (Fig. 4). These observations led to the
proposal that DnaA interacts with the o dimer or the aff heterodimer, depending
on their cellular abundance, to recruit the respective form of HU to oriC. It was
suggested that this interaction regulates oriC activity in a growth phase-dependent
manner (Chodavarapu et al. 2008a). In addition, Dps, a nucleoid-associated pro-
tein, which is expressed in response to oxidative stress and protects the chromo-
some from hydroxyl radical-mediated damage (for a review, see Zeth et al. 2012),
was shown to interact with the N-terminal region of DnaA. DnaA-Dps interac-
tion impedes initiation of replication during stress conditions by blocking oriC
unwinding (Chodavarapu et al. 2008b).

Interaction of DnaA with Acidic Components of Fluid
Cellular Membrane Regulates Its Nucleotide-Bound
Status and Binding to OriC

Biological membranes take an active part in a number of vital processes such as
energy transformation, transport, signal transduction, motility, protein trafficking,
and many others. It has become evident that membrane lipids do not only form a
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static scaffold for membrane proteins, but also affect their folding and structure
and influence formation of functional complexes. Membrane lipid components
also directly regulate activity and localization of many proteins (for a review,
see Phillips et al. 2009; Marsh 2008; Bogdanov et al. 2014). In addition, a large
body of evidence suggests that lipid composition of the membrane is heterogene-
ous (Vanounou et al. 2002, 2004; Mieleykovskaya and Dowhan 2009; Barak and
Muchova 2013). Lipids form clusters and microdomains within the envelope,
whereas their number and localization fluctuate with growth conditions and the
cell cycle (Mozharov et al. 1985; Hiraoka et al. 1993), suggesting that the inhomo-
geneous and highly dynamic structure of the cellular membrane may play a global
regulatory role in bacteria (Fishov and Norris 2012). In this light, it is of particular
interest that acidic phospholipids affect the activity of the DnaA initiator protein
by promoting exchange of bound nucleotides (ATP or ADP) and inhibiting the for-
mation of the prereplication complex (for a review, see Saxena et al. 2013).

E. coli membrane, in majority, consists of various phospholipids, and among
them, zwitterionic phosphatidylethanolamine (PE) constitutes 70 % of the enve-
lope lipids, whereas acidic phosphatidylglycerol (PG) and cardiolipin (CL) make
up for 20 and 10 %, respectively (Barak and Muchova 2013). Acidic phospholip-
ids are synthesized through common metabolic pathway involving phosphatidylg-
lycerol phosphate synthase A (pgsA gene product). Depletion of the pool of acidic
phospholipids by mutation or downregulation of pgsA affects bacterial growth
(Heacock and Dowhan 1987; Fingland et al. 2012). Cells bearing the pgsA gene
under control of an inducible promoter grow in the presence of the inducer in the
medium, but after its removal, the growth is continued for several generations
until a threshold amount of acidic phospholipids is reached, when cells undergo
a growth arrest. If expression of phosphatidylglycerol phosphate synthase A is
induced again in such cells, DNA replication is resumed prior to restoration of
growth, which suggests that a specific cell cycle arrest might have occurred in the
absence of sufficient amount of acidic phospholipids (Fingland et al. 2012).

Deleterious effects of the decreased content of acidic phospholipids may be
overcome by changes in the DNA replication control. Namely, growth arrest of
pgsA mutants is bypassed by a secondary mutation in gene encoding RNase H
(rnhA) (Xia and Dowhan 1995). Lack of RNase H activity results in the forma-
tion of persistent RNA-DNA hybrids which serve as alternative sites for the initia-
tion of chromosomal DNA replication, in a process called constitutive stable DNA
replication (cSDR) that is dependent on RecA but independent of DnaA activity
(von Meyenburg et al. 1987). In addition, overexpression of certain DnaA protein
variants, bearing changes in the regions identified as responsible for the interaction
with the membrane or DNA, suppresses the pgsA mutant growth defect (Zheng
et al. 2001). In particular, production of the mutant DnaA L366-K protein, which
on its own is unable to form fully functional prereplication complexes (Saxena
et al. 2011), allows for the growth of acidic phospholipid-depleted cells in the
presence of wild-type DnaA (Li et al. 2005; Zheng et al. 2001).

As mentioned in the preceding chapters, initiation of DNA replication at
oriC requires attaining a certain threshold of ATP-DnaA molecules. During the
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elongation step, RIDA process and IHF-assisted interaction with the dafA region
lower the initiation potential of DnaA by stimulating hydrolysis of the bound
ATP (Kasho and Katayama 2013). Thus, prior to the initiation of the next round
of DNA replication, proportion of ATP-DnaA to ADP-DnaA rises (Kurokawa
et al. 1999), which can occur through de novo DnaA synthesis or rejuvenation
of ATP-DnaA pool by exchange of the nucleotide. The latter process is stimu-
lated by the acidic phospholipids, which promote the release of the tightly bound
ADP. In vitro, oriC-bound DnaA-ADP exchanges ADP for ATP in the presence
of CL or PG and excess of ATP (Yung and Kornberg 1988; Crooke et al. 1992;
Catsuma et al. 1993). CL is the most efficient in promoting DnaA—ADP rejuvena-
tion, whereas zwitterionic phospholipids, such as PE, fail to stimulate nucleotide
exchange (Crooke et al. 1992; Catsuma et al. 1993). In addition to their influence
on nucleotide binding by the replication initiator, acidic phospholipids inhibit the
interaction of DnaA with oriC (Crooke at al. 1992). Interestingly, when DnaA
is exposed first to acidic phospholipids, its binding to the origin is abolished,
whereas oriC-bound DnaA complexes are stable in the presence of these mem-
brane components. This indicates that the process of ordered assembly of the pre-
replication complex might be affected by the association of DnaA with membrane
phospholipids (Crooke et al. 1992; Saxena et al. 2013). In addition to the pres-
ence of the acidic head group, phospholipid-mediated stimulation of ADP release
by DnaA requires certain degree of membrane fluidity (Catsuma et al. 1993). Fatty
acid components of the phospholipids have a strong impact on the DnaA—ADP
rejuvenation, and only these containing unsaturated fatty acids are active in the
stimulation of this process (Fralick and Lark 1973; Yung and Kornberg 1988;
Catsuma et al. 1993). Membrane fluidity of E. coli varies with growth temperature
(Marr and Ingraham 1963), which suggests that the impact of acidic phospholipids
on the regulation of DnaA activity may be temperature dependent.

In situ counting of immunogold-labeled DnaA molecules allowed for the esti-
mation that around 70 % of the cellular DnaA resides in the vicinity of the cell
envelope (Newman and Crooke 2000). Recent studies employing the cell frac-
tionation and detection of both native and fluorescent mCherry—DnaA fusion
revealed that approximately 10 % of the replication initiator is stably associated
with the inner membrane (Regev et al. 2012). This fraction was proposed to rep-
resent free DnaA available for the replication initiation, in contrast to the vast
majority of molecules bound by chromosomal sequences, mainly datA (Regev
et al. 2012). A region of DnaA forming amphipathic helices was identified as nec-
essary for membrane binding (amino acids 354-372) (Garner et al. 1998; Garner
and Crooke 1996; Yamaguchi et al. 1999). However, Regev and colleagues, based
on the analysis of association of various DnaA fragments with the membrane frac-
tion and modeling of electrostatic properties of the DnaA protein surface, proposed
that hydrophobic patch along domains IIla and IIIb of DnaA, opposite the ATP-
binding pocket, is responsible for the interaction with membrane lipids, whereas
amphipathic helices are essential for the intrinsic structure of the fragment, rather
than membrane binding per se (Regev et al. 2012). The same authors suggested
that such mode of association of the DnaA protein with membrane lipids indicates
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a mechanism of nucleotide exchange, which is common to other proteins regulated
by relocation from the cytoplasm to the cell envelope, based on the conformational
change of the protein, “straightening” of its structure and “lifting the lid” of the
ATP-binding pocket (Regev et al. 2012). In domain IIIb, hydrophobic patch sur-
rounds positively charged bulge composed mainly of Lys372 residue, which was
previously shown to be indispensable for the CL-mediated release of ADP by
DnaA (Hase et al. 1998; Makise et al. 2000; Regev et al. 2012). This confirms the
earlier postulated importance of electrostatic interactions formed between DnaA
and acidic phospholipids during the reactivation of the replication initiator protein
(Kitchen et al. 1999). In addition, it was demonstrated that macromolecular crowd-
ing of DnaA on the membrane surface results in a rapid increase in the kinetics
of nucleotide exchange (Aranovich et al. 2006). Thus, it was proposed that timing
of the initiation of DNA replication is ensured by the rejuvenation of the initiator
protein, mediated by continuously growing membrane domain, which upon reach-
ing specific DnaA-to-phospholipid ratio catalyzes nucleotide exchange and hence
restores initiation potential of DnaA. This way, initiation of DNA replication would
be coupled to cellular mass (Aranovich et al. 2006; Regev et al. 2012).

Influence of DNA Replication on Cell
Structure and Function

In the preceding chapters, we presented data on various cellular processes con-
tributing to the regulation of DNA replication. In the following, we would like to
focus on how activities of replication initiator proteins integrate various aspects of
the cell cycle and how DNA replication process influences chromosomal and cel-
lular structure.

Dysfunction of replication initiators has long been known to lead to pleio-
tropic phenotypes, both in eukaryotic and in prokaryotic cells. It was, however, not
clear whether these effects were an indirect consequence of perturbed replication
or an evidence for additional roles of these proteins, beyond the one played dur-
ing the replication initiation. A large body of evidence has accumulated now, sug-
gesting that replication initiator proteins take part in other processes, coordinating
DNA replication with cell cycle and metabolism (for a review, see Scholefield
et al. 2009). In E. coli, a role for DnaA as a transcription factor is well documented
(Messer and Weigel 2003). DnaA can both repress and activate transcription.
Although rules that govern the effect exerted by DnaA with respect to particular
promoters are not known, it seems that repression of transcription involves for-
mation of higher-order oligomeric structures (Olliver et al. 2010). As mentioned
before, DnaA regulates transcription of its cognate gene, which was proposed to
contribute to the coordination of DNA replication with cell cycle and growth rate
(Polaczek and Wright 1990; Speck et al. 1999). In addition, it has been shown
recently that temperature-dependent formation of specific complexes by DnaA at
its own promoter region results in alterations of dnaA gene transcription level and
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takes part in adaptation of cell growth to different temperatures (Saggioro et al.
2013). Importantly, DnaA was also shown to control the levels of ribonucleotide
reductase, by both activating and repressing transcription from nrdAB promoter as
a function of its concentration (Olliver et al. 2010; Augustin et al. 1994, Gon et al.
2006). Nucleotide reductase, encoded by nrdAB operon, is an essential enzyme
involved in the last step of synthesis of deoxynucleotides necessary for DNA rep-
lication. Imbalances in dNTP levels increase mutation rate and threaten genomic
integrity (Wheeler et al. 2005; Mathews et al. 2006). It has been shown recently
that the amount of ribonucleotide reductase produced is proportional to DnaA—
ATP level; however, DnaA-dependent changes of the nrdAB promoter activity
do not regulate the timing of nrdAB operon expression as a function of cell cycle
(Olliver et al. 2010). Importantly, regulation of this operon by the DnaA protein
was also observed in B. subtilis and C. crescentus (Goranov et al. 2005; Breier and
Grossman 2009; Hottes et al. 2005). In these two organisms, DnaA—by regulat-
ing the level of transcription—coordinates DNA replication with cell division. In
B. subtilis, DnaA negatively affects the expression of the ftsL gene, encoding
membrane-bound protein involved in the recruitment of the cell division machin-
ery (Bramkamp et al. 2006; Goranov et al. 2005; Breier and Grossman 2009). In
C. crescentus, DnaA acts as a direct transcriptional activator of several promoters:
mipZ—controlling expression of a spatial regulator of cell division (MipZ) (Hottes
et al. 2005; Fernandez-Fernandez et al. 2011), ftsZ—regulating the production of
the cell division protein (FtsZ) (Hottes et al. 2005; Kelly et al. 1998; Quardokus
et al. 1996), and gcrA—driving transcription of the gene encoding master cell cycle
regulator (GerA) (Collier et al. 2006; Fernandez-Fernandez et al. 2011). In addition
to several promoters of E. coli for whom transcriptional regulation by DnaA was
investigated in more detail (mioC, rpoH, uvrB, polA, glpD, fliC), a study involv-
ing transcriptomic analysis of dnaA46 temperature-sensitive mutant revealed that
expression of 227 genes was changed more than 2-fold upon temperature upshift
(Lobner-Olesen et al. 2008). Affected genes belonged to several functional catego-
ries, and among them are nucleotide synthesis, CCM, and fatty acid and phospho-
lipid metabolism. Although changes of expression of many of these genes are most
likely indirectly affected by the inactivation of DnaA, since examination of pro-
moter regions of some of them did not reveal the presence of DnaA boxes (Lobner-
Olesen et al. 2008), it cannot be excluded that DnaA regulon in E. coli encompasses
more genes than have been characterized so far, taken also into account various
modes of DnaA binding (Glinkowska et al. 2003; Ozaki et al. 2001).

DnaA has been implicated in the coordination of replication and metabolism also
in B. subtilis. Studies on genome-wide DnaA interaction by ChIP—chip experiments
and transcription profiling suggested that DnaA binds and regulates transcription
from promoters of several genes involved in nucleotide and carbohydrate metabo-
lism, iron homeostasis, and ribosome biogenesis (Ishikawa et al. 2007; Goranov
et al. 2005; Breier and Grossman 2009). In this organism, DnaA is also responsible
for the correlation of DNA replication with sporulation. It has been shown that there
is a specific time window within B. subtilis cell cycle when sporulation can be trig-
gered, presumably to ensure synthesis of two complete chromosomal copies before
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the onset of spore formation. Expression of the sda gene, responsible for the inhibi-
tion of sporulation, occurs in pulsatile manner during the cell cycle. Up-regulation
of sda transcription coincides with the initiation of DNA replication and is coordi-
nated by the active form of DnaA replication initiator. Together with intrinsic insta-
bility of the Sda protein, cell cycle-coupled expression prevents the formation of
spores containing replicating chromosomes (Veening et al. 2009).

Involvement of DNA replication initiator proteins in coordinating chromosomal
DNA synthesis with the cell cycle has also been recently shown in eukaryotic
cells. To facilitate the accurate chromosome segregation, replicated chromosomes
are held together by sister chromatid cohesion (SCC), until the metaphase-to-ana-
phase transition, when chromosomes become separated (for a review, see Nasmyth
and Hering 2009). Two independent mechanisms of chromatid cohesion have been
identified, and proteins of origin recognition complex (ORC) have been impli-
cated in both of them (for a review, see Sasaki and Gilbert 2007). The first is based
on cohesin—a protein that encircles the paired DNA molecules. In Xenopus egg
extracts, prereplication complex formation is required for cohesin loading, and in
Drosophila, cohesion preferentially colocalizes with ORC (Takahashi et al. 2004;
McAlpine et al. 2010; Sherwood at al. 2010). A newly identified mechanism of
SCC has been described in budding yeast. Cells depleted for ORC2 during the G1
phase continued through S phase (ORC is dispensable for pre-RC maintenance)
but were arrested in mitosis due to spindle checkpoint activation. Arrested cells
displayed precocious chromatid separation, although cohesin complexes were
recruited normally (Shimada & Gasser 2007). These results corroborated previous
study, which showed that some orc gene mutations are synthetically lethal with
cohesion complex mutants (Suter et al. 2004).

The role of ORC in cohesin complexes’ localization may be linked to its func-
tion in chromatin silencing, as heterochromatin is necessary for SCC in many sys-
tems (Chang et al. 2005; Chen et al. 2012). It was shown in budding yeast that
separable domains of ORC proteins were involved in the DNA replication and
establishment of silent chromatin at mating-type loci (Bell 2002; Ozaydin et al.
2010). ORC1 was shown to recruit chromatin-silencing protein Sirl via direct
protein—protein interactions (Hou et al. 2005; Hsu et al. 2005). This seems to be
an evolutionary conserved role of ORC proteins, as they were shown to interact
directly with HP1 protein involved in heterochromatin organization in Drosophila
and mammals (Pak et al. 1997; Auth et al. 2006; Prasanth et al. 2010, Chakraborty
et al. 2011). In addition to influencing chromatin structure, ORC may also medi-
ate localized gene repression, as suggested by the results of studies show-
ing that a class of genes becomes induced by orc2-I mutation in S. cerevisiae
(Ramachandran et al. 2006). It has been suggested that coevolution of replication
and chromatin-silencing functions of ORC proteins may have been driven by the
need of different segments of large eukaryotic chromosomes to be replicated at
different times during S phase, and ORC role in silencing may contribute to the
distribution of early and late replicating sites, as origins with the strongest ORC
binding activity function poorly as replication initiation sites and strongly as
silencers (for a review, see Sasaki and Gilbert 2007). Recently, a study employing
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orc2-1 mutant, in which only sites that bind ORC tightly remain fully occupied,
showed that ORC-interacting sites were comprised of protein-coding regions of
highly transcribed metabolic genes (ORF-ORC). In contrast to the ORC-silencer
paradigm, transcriptional activation promoted ORC association with these genes.
Remarkably, ORF-ORC genes were enriched in proximity to origins of replica-
tion and, in several instances, were transcriptionally regulated by these origins.
Taken together, these results suggested a surprising connection between ORC, rep-
lication origins, and cellular metabolism (Shor et al. 2009).

ORC components have also been implicated in chromosome segregation and
condensation. It was suggested that ORC proteins might take part in coupling of
completion of chromosome synthesis with chromosome condensation and spindle
attachment to kinetochores (Sasaki and Gilbert 2007). ORC1 and ORC4 colocal-
ize with kinetochore in the absence of replicative helicase in fission yeast (Hayashi
et al. 2007). In human cells, ORC2 is released from chromatin except kinetochores
at the S phase (Hayashi et al. 2007), and ORC6 was also localized to kinetochores
during mitosis (Prasanth et al. 2002).

In Drosophila, defects in ORC2, ORC4, or ORCS5 lead to abnormally condensed
chromosomes, suggesting a role of these proteins in the condensation process
(Pflumm and Botcham 2001). However, similarly to the role of ORC in the func-
tion of centromeres, a direct link between them and the respective processes is miss-
ing and aberrations in chromosome condensation and segregation observed in ORC
mutants may stem from perturbed replication or defects in heterochromatin assembly.

Another role in addition to participation in DNA replication has been ascribed to
ORC6, which was postulated to coordinate DNA synthesis and cytokinesis. ORC6
localizes to the cell membrane (Chesnokov et al. 2001) in Drosophila and has been
shown to interact with proteins involved in cytokinesis both in Drosophila and in
mammals (Huijbregts et al. 2009; Prasanth et al. 2002). Reduction of ORC6 synthe-
sis leads to the appearance of cells that completed mitosis without cytokinesis.

Taken together, results obtained with prokaryotic and eukaryotic cells suggest
that replication initiation proteins universally play roles additional to the ones in
pre-RC assembly. Their additional functions help to coordinate various cellular
activities with DNA replication.

In addition to the participation of replication proteins in the control of various
cellular processes, DNA dynamics during the DNA replication may influence DNA
transactions and protein distribution in the cell. Liu and Wang have shown that tran-
scribing RNA polymerase generates waves of supercoiling, positive in front of the
protein complex and negative in its wake (Liu and Wang 1987). DNA supercoiling
has been implicated as an important regulatory factor in transcription, recombina-
tion, and DNA replication (for a review, see Fogg et al. 2012; Baranello et al. 2012;
Travers and Muskhelishvili 2005). Until recently, the prevailing view was that the
twin-domain model is not fully applicable to the advancing replisome, which—due
to discontinuous nature of the replication process—produces mainly positive super-
coiling in front of the complex (for a review, see Yu and Droge 2014). The degree
of DNA topological changes behind the replisome was uncertain; however, recent
reports provided evidence that leading strand becomes negatively supercoiled in the



34 DNA Replication Control in Microbial Cell Factories

wake of replication machinery. Studies of the replication complexes assembled in
vitro using rolling-circle replication substrate have proven that negative helical ten-
sion, created by E. coli replisome on the leading strand, causes dissociation of the
lagging strand polymerase (Kurth et al. 2013). Results of experiments conducted in
yeasts on the removal of ribonucleotides from nascent DNA identified topoisomer-
ase I as important component of the nucleotide removal pathway. Eukaryotic topoi-
somerase | preferentially recognizes superhelical DNA, and thus, the results provide a
hint that negative superhelical tension builds up in the leading duplex, resulting in the
structural changes of DNA-RNA hybrid, cleaved by Topo I (Williams et al. 2013).
Promoters of many genes, both in eukaryotic and in prokaryotic cells, are controlled
by DNA supercoiling (Travers and Muskhelishvili 2005; Blot et al. 2006; Lavelle
2014). Therefore, negative superhelicity generated by the replisome may constitute
an important factor influencing gene expression and—on the evolutionary scale—also
genome organization. In fact, this hypothesis was previously implied in two studies.
The spatial organization of transcription programs during different growth phases
was proposed to be coupled to DNA replication process, and the supercoiling gradi-
ent generated both by replication and by the asymmetric distribution of gyrase target
sites along the Ori—Ter axis (Sobetzko et al. 2012, 2013). The findings presented in
these works suggest that in E. coli chromosome, not only the spatial gene order, but
also the physical properties of their coding sequences correspond with spatiotemporal
pattern of superhelicity, associated with DNA replication. In particular, mapping of
the physical properties of E. coli chromosomal DNA revealed that a gradient of DNA
melting energy, closely corresponding to the gradient of gyrase binding sites, extends
from origin to terminus, whereby the DNA sequences in the Ori end of the chro-
mosome region have higher average melting energy than those around Ter. Growth
cycle-resolved transcriptomics, subsequent mapping of temporal patterns of gene
expression in the E. coli chromosome, and analysis of spatial correlation between
functional and regulatory features of expressed genes demonstrated that utilization
of higher melting energy sequences increases gradually during exponential phase in
parallel with high oxygen consumption. These genes characterized by higher melting
energy sequences are located in spatial proximity to replication origin, have prefer-
ential positioning on the leading strand and correspond to previously identified genes
activated by high negative DNA superhelicity. Opposite correlation was observed for
genes closer to the terminus region, found to utilize lower melting energy sequences.
These genes were preferentially activated during entry into the stationary phase, on
decreased oxygen consumption and required DNA relaxation.

The spatiotemporal changes in the gene expression most likely reflect structural
reorganization of chromosome during growth, whereas the correlation of physical
features of transcribed sequences with their positioning along the trajectory of repli-
somes suggests that DNA replication and the gene expression program might be
integrated by chromosome organization and reciprocally, that nucleoid structure is
determined by the interplay of these processes in response to availability of nutri-
ents and oxygen. Results of these works strongly suggest that sequence organiza-
tion of the genome and changes in chromosomal DNA supercoiling coordinate the
global gene expression with DNA replication (Sobetzko et al. 2012, 2013).
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A question also arises whether changes in the replication organization in
response to environmental conditions can be found which could determine chro-
mosome structure, and in turn, could it play a role in orchestrating global tran-
scription pattern with changing metabolic state of the cell. One obvious difference
in the replication pattern, which can be dissected under feast versus famine condi-
tions, is that the fast growing E. coli cells can support multifork replication. SeqA
protein, which binds hemimethylated DNA and is responsible for origin sequestra-
tion (for a review, see Waldminghaus and Skarstad 2009), was also shown to be
involved in the organization of replication forks into conspicuous structures, which
can be microscopically visualized as SeqA foci (Molina and Skarstad 2004). The
number of foci and the extent of their colocalization with the replication fork
depend on the growth rate, and as no increase in their number is observed during
replication initiation, new replication forks were proposed to be recruited to exist-
ing structures (Morigen et al. 2009; Fossum et al. 2007). Recently, SeqA binding
was demonstrated to follow the emergence of hemimethylated DNA behind the
moving replication forks (Waldminghaus et al. 2012). However, the extent of this
binding was dependent on the growth rate. During the fast growth, SeqA disaggre-
gated from the old replication forks as they were approaching the terminus region.
This resulted in the low efficiency of binding of SeqA in the proximity of terminus
in fast, relative to slow, growing cells (Waldminghaus et al. 2012).

SeqA affects global chromosome structure, and cells devoid of this protein
have increased level of DNA superhelicity (Skarstad et al. 2001), display changes
in chromosome morphology, and have segregation problems (Kang et al. 2003).
Transcription pattern is also changed in cells lacking SeqA, which is accompanied
by severe growth impairment during high but not low growth rate (Lobner-Olesen
et al. 2003). Furthermore, SeqA has been described also to act as a transcription
factor (Slominska et al. 2001, 2003). All these observations make SeqA a likely can-
didate for a factor integrating chromosome structure with the demands of replication
and transcription process depending on growth conditions. Strikingly also, mutants
devoid of SeqA do not undergo growth arrest after the induction of ppGpp synthe-
sis, but the nature of the interplay between SeqA and stringent response remains
unknown (Ferullo and Lovett 2008). Recent study on factors determining global
nucleoid structure in E. coli, employing chromosome conformation capture technol-
ogy, revealed a high degree of clustering of SeqA binding sites, primarily locating in
the Ori domain in exponentially growing cells, which confirms the important role of
this protein in linking DNA replication with chromosome structure (Cagliero et al.
2013). It is also worth noting that results of recent studies on C. crescentus dem-
onstrated that localization and number of polyphosphate granules, compounds with
regulatory functions, and Ppkl enzyme responsible for their synthesis are governed
by replication and chromosome segregation processes (Henry and Crosson 2013).
These findings underscore the role of chromosome dynamics associated with DNA
replication in proteins’ localization and organization of cellular processes.

DNA synthesis affects gene expression in bacteria also through replication-asso-
ciated gene dosage. Bidirectional replication, especially in fast growing bacteria,
results in transient overrepresentation of genes close to the origin of replication. This



36 DNA Replication Control in Microbial Cell Factories

gene dosage effect was also suggested to be an important force shaping organization
of bacterial genomes. Gene dosage effects have been shown to strongly constrain
position in the vicinity of origin of genes involved in transcription and translation,
but not other highly transcribed genes (Couturier and Rocha 2006; Rocha 2004).

As transcription and DNA replication take place on the same template,
and in bacteria, transcription elongation rate is 12-30 times slower than that of
DNA synthesis, frequent encounters of transcription and replication complexes
must occur, which may lead to replication fork stalling or collapse and threaten
genomic integrity. Therefore, multiple mechanisms exist to resolve replication—
transcription conflicts. Their description is beyond the scope of this work; how-
ever, we recommend excellent reviews covering this topic in both bacterial and
eukaryotic cells (Pomerantz and O’Donnell 2010; Lin and Pasero 2012; Bermejo
et al. 2012). Nevertheless, we would like to emphasize that preventing conflicts
between replication and transcription is another source of evolutionary pressure on
genome layout (for a review, see Kepes et al. 2012). As codirectional encounters
of transcription and replication machineries are less deleterious than head-on ones,
highly expressed genes tend to be transcribed codirectionally with replication in
numerous species (Rocha and Danachin 2003; Rocha 2008). Such organization is
observed both in B. subtilis and in E. coli, for all rRNA operons (Guy and Roten
2004). Similarly, essential genes are enriched on the leading strand (Rocha et al.
2008). Since probability of collision between transcription and replication com-
plexes increases with gene length, longer genes are also preferentially transcribed
on the leading strand (Omont and Kepes 2004). Thus, replication-associated
effects impose evolutionary pressure on genome organization and have to be taken
into account during potential construction of synthetic organisms.

Conclusions

A wealth of data suggests that coordination of DNA replication with growth con-
ditions may involve direct participation of proteins with primary function in other
vital cellular processes, as well as metabolites, DNA structure, and cell envelope.
Reciprocally, replication factors may take part in control of other processes, and
replication-associated changes in DNA topology may be influential in the regulation
of cellular functions. Regulation of cell cycle may involve the formation of mac-
romolecular assemblies which integrate extra- and intracellular signals and allow
their transformation to fewer outcomes that can be interpreted by the cell. Studies
devoted to these and other aspects of cell cycle regulation, described in this work,
will bring much better understanding of the basis of functioning of living systems.
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