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Abstract

The bacterial cell has less internal structure and genetic complexity than cells of eukaryotic
organisms, yet it is a highly organized system that uses both temporal and spatial cues to drive its
cell cycle. Key insights into bacterial regulatory programs that orchestrate cell cycle progression
have come from studies of Caulobacter crescentus, a bacterium that divides asymmetrically. Three
global regulatory proteins cycle out of phase with one another and drive cell cycle progression by
directly controlling the expression of 200 cell-cycle-regulated genes. Exploration of this system
provided insights into the evolution of regulatory circuits and the plasticity of circuit structure. The
temporal expression of the modular subsystems that implement the cell cycle and asymmetric cell
division is also coordinated by differential DNA methylation, regulated proteolysis, and
phosphorylation signaling cascades. This control system structure has parallels to eukaryotic cell
cycle control architecture. Remarkably, the transcriptional circuitry is dependent on three-
dimensional dynamic deployment of key regulatory and signaling proteins. In addition,
dynamically localized DNA-binding proteins ensure that DNA segregation is coupled to the timing
and cellular position of the cytokinetic ring. Comparison to other organisms reveals conservation
of cell cycle regulatory logic, even if regulatory proteins, themselves, are not conserved.

Cell duplication, whether in a mammal with complex organ systems or in a single-celled
bacterium, must use rigorous cell cycle regulation to ensure that the cell is ready before
proceeding from one step to the next. Premature entry into DNA synthesis (S) phase or exit
from mitosis (M) could have drastic consequences, notably fatal damage to the genome.
Once initiated, improper execution of physical aspects of the cell cycle such as chromosome
segregation and cytokinesis is equally dangerous. Thus, the cell has robust mechanisms to
assure fidelity of every step of the cell duplication process. The cell cycle of the aquatic a-
proteobacterium Caulobacter crescentus (hereafter called Caulobacter) has been extensively
studied at both the system and molecular levels.

Caulobacterhas a life cycle characterized by precise developmental transitions and
asymmetric cell division (Fig. 1A). Each division produces two cell types: a motile swarmer
cell and a sessile stalked cell. After cytokinesis, a newborn swarmer cell is in the equivalent
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of G phase of the cell cycle, unable to replicate its chromosome (Degnen and Newton
1972). The swarmer cell has a period of motility and then differentiates into a stalked cell
identical to its stalked sibling. In this process, it sheds its polar flagellum and builds a stalk
at the same site while simultaneously initiating replication of the chromosome from a single
origin of replication (Cori). Replicated portions of the chromosome are then segregated to
opposite ends of the cell as replication proceeds (Viollier et al. 2004). While this is
occurring, a flagellum is constructed at the pole opposite the stalk. Constriction of the cell
envelope at the incipient division site begins before completion of chromosome segregation
(Jensen 2006). The cytoplasm is divided into two distinct compartments shortly after the
duplicated chromosomes are fully segregated (Judd et al. 2003; Jensen 2006). The
differentiation of the two daughter cells is triggered by this compartmentalization event, as
the genetic programs in each of the compartments immediately diverge. About 20 minutes
later, the daughter cells separate to yield a newborn swarmer cell that undergoes an obligate
G phase before becoming a stalked cell and the stalked cell that immediately reenters S
phase.

Global regulatory paradigms governing the Caulobacter cell cycle have emerged from the
analysis of specific cell-cycle-dependent events such as DNA replication initiation and cell
division site selection that parallel those in other bacteria, as well as in eukaryotes. Here, we
describe key events in the Caulobacter cell cycle and highlight conserved regulatory themes
that reflect constraints guiding the evolution of cell cycle control mechanisms in diverse
organisms.

ENTRY INTO S PHASE

Master Regulators Provide a Cell Cycle Timing Mechanism and Regulate Entry into S

Phase

Whole-genome microarray studies on synchronized populations of Caulobacter revealed a
transcriptional cascade governing cell cycle progression, wherein expression of functional
gene modules (e.g., replication initiation, flagellum biogenesis, chemotaxis apparatus
assembly, and cell division) is sequentially activated just in time to accomplish their cellular
functions (Laub et al. 2000). Central to this genetic circuitry is a set of three master
regulators (DnaA, CtrA, and GcrA) that together affect expression of ~200 cell-cycle-
regulated genes (Laub et al. 2002; Holtzendorff et al. 2004; Hottes et al. 2005). The protein
levels of these master regulators oscillate out of phase with one another (Fig. 1A) (Collier et
al. 2006) in a manner similar to the oscillations of cell cycle regulatory cyclin-dependent
kinase (CDK)-cyclin complexes and the anaphase promoting complex (APC) in eukaryotes
(Fig. 1B). Each master regulator controls expression of the next. A fourth protein, the CcrM
DNA methyltransferase, completes the closed cell cycle control circuit (Fig. 2) (Collier et al.
2007). The robustness of the circuit is increased by posttranscriptional regulation of the
activities of the master regulators, including phosphorylation, proteolysis, and dynamic
spatial positioning of the phosphosignaling proteins and proteases. This tightly integrated
spatial and temporal choreography of regulatory factors advances the cell cycle while
simultaneously driving Caulobacter's asymmetric development.
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The availability of a large number of bacterial genome sequences combined with systems-
wide approaches to the identification of the genetic circuitry controlling the bacterial cell
cycle has allowed analysis of the evolution of regulatory networks and the degree of
plasticity of regulatory network structure (McAdams et al. 2004). An example of the
plasticity of regulatory networks comes from the pathway controlled by the CtrA global
regulator that directly activates 95 genes. Although the CtrA protein and multiple elements
of the complex circuitry that controls the timing of CtrA expression and activation have been
conserved through evolution of the a-class of proteobacteria, the portfolio of subsystem
functions controlled by CtrA in each bacterial species differs to reflect their specific
environmental niche (Bellefontaine et al. 2002; McAdams et al. 2004). Nevertheless, this
analysis suggests that an intact genetic circuit can act as an evolutionary unit.

In addition to acting as transcription factors, DnaA and CtrA act coordinately to regulate
entry into S phase. DnaA, an AAA* ATPase, is a broadly conserved replication initiator in
bacteria that binds to the replication origin (Cori) and locally unwinds the DNA to allow
loading of the replication machinery (Mott and Berger 2007). Conversely, CtrA acts as a
repressor of replication initiation by binding to five sites in Cori (Quon et al. 1998). The cell
can only enter S phase when active CtrA levels are low and active DnaA levels are high.
These conditions exist only once per cell cycle in Caulobacter: in stalked cells, either at the
swarmer-to-stalked cell transition or in the nascent stalked cell compartment of late-
predivisional cells (Fig. 1A).

Multiple Modes of DnaA and CtrA Regulation: Phosphorylation, Localization, and

Proteolysis

CtrA is only active in its phosphorylated form (CtrA~P) (Domian et al. 1997). Its
phosphorylation state is controlled by a phosphorelay from the CckA histidine kinase
through the ChpT phosphotransferase (Fig. 2) (Jacobs et al. 1999; Biondi et al. 2006).
CtrA~P is present in swarmer cells and in predivisional cells, but it is redundantly
inactivated by both dephosphorylation and proteolysis at the swarmer-to-stalked cell
transition and in the stalked compartment of late-predivisional cells (Domian et al. 1997).
Inactivation of CtrA is critical for licensing DNA replication initiation in newborn stalked
cells; expression of a constitutively active, stable mutant of CtrA causes cell cycle arrest in
G1 (Domian et al. 1997).

To enter S phase, CtrA must be cleared from the cell. It is degraded by the essential ATP-
dependent CIpXP protease complex (Jenal and Fuchs 1998), which proteolyzes CtrA in vitro
in the absence of accessory factors (Chien et al. 2007). Remarkably, however, CtrA
degradation in vivo requires not only that ClpXP be present, but that both ClpXP and its
CtrA substrate be localized to the stalked pole (Ryan et al. 2002; McGrath et al. 2006). This
colo-calization is achieved through the action of the CpdR phosphoprotein, which localizes
ClpXP to the pole (Iniesta et al. 2006), and the combined actions of the RcdA localization
factor (McGrath et al. 2006) and the PopA cyclic di-GMP effector protein (Duerig et al.
2009) that together bring the CtrA substrate to polar CIpXP (Fig. 2). The response regulator
CpdR only localizes to the stalked pole and recruits CIpXP in its unphosphorylated form.
The timing of CtrA degradation is therefore controlled in part by the phosphorylation state
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of CpdR, which changes as the cell cycle progresses. CpdR is phosphorylated in swarmer
and early-predivisional cells, but it is dephosphorylated at the swarmer-to-stalked transition
and in the stalked compartment of late-predivisional cells, just in time to promote clearance
of CtrA (Iniesta et al. 2006). Interestingly, CpdR is phosphorylated (thereby preventing its
polar localization) by the same phosphorelay that activates CtrA, the CckA-ChpT pathway
(Biondi et al. 2006). Thus, the pathway that activates CtrA by phosphorylation also prevents
its degradation by inactivating the CpdR polar localization factor, providing robust control of
entry into S phase.

Caulobacter DnaA is also posttranscriptionally regulated. At least two mechanisms are likely
to be involved in DnaA inactivation to prevent early entry into S phase or overinitiation of
replication (Fig. 2). First, the DnaA protein is relatively unstable, with a half-life of about
one-third of the cell cycle (Gorbatyuk and Marczynski 2005). Its short half-life combined
with cell-cycle-regulated transcription results in high DnaA levels in stalked cells and early-
predivisional cells and low levels of DnaA in swarmer and late-predivisional cells
(Gorbatyuk and Marczynski 2005; Collier et al. 2006). The second mode of inactivation of
DnaA uses the HdaA protein, which binds to the replisome upon replication initiation and
inactivates DnaA, rendering any remaining DnaA protein incapable of reinitiating
replication (J Collier and L Shapiro, in press).

This multilayered and tightly regulated control of the initiation of DNA replication ensures
that Caulobacterreplicates its chromosome only once per cell cycle. This is in contrast to
Escherichia coli, where overlapping rounds of replication can take place in each cell cycle
when grown in rich media. These contrasting modes of regulation of DNA replication reflect
the different niches that the two species occupy. £. coliis adapted to achieve very rapid
growth under intermittent high nutrient conditions in the mammalian gut. Caulobacter, on
the other hand, is adapted to survive under the low nutrient conditions found in lakes and
streams.

Preventing Improper Replication Initiation in Other Bacteria

Replication of the genome is central to the cell cycle, and it is perhaps not surprising that a
factor essential for initiation of replication, DnaA, is highly conserved in eubacteria. The
activity of DnaA in Caulobacter (J Collier and L Shapiro, in press) and £. coli (Kato and
Katayama 2001) is restricted after initiation by HdaA and Hda, respectively. Hda acts by
promoting conversion of active ATP-DnaA to inactive ADP-DnaA in E. coli. Given the
conservation of the AAA* ATPase activity of DnaA, it is likely that the control of replication
via regulation of the ATPase activity of the initiator protein is broadly used. Indeed, the
activities of eukaryotic origin recognition complex (ORC) AAA™ ATPase subunits and the
initiator protein Cdc6 are regulated by modulation of their nucleotide-bound states as well
(Bell and Dutta 2002).

Unlike DnaA, CtrA is not found outside the a-proteobacteria, and even in closely related
Caulobacter species, the number and position of CtrA-binding sites near the origin of
replication differ considerably (Shaheen et al. 2009). However, restricting access to DnaA-
binding sites is a commonly used mechanism for preventing improper initiation of
replication. In £. coli, for example, reinitiation is restricted in part by binding of SegA to
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hemimethylated sites on newly replicated origins and transiently preventing DnaA binding
(Slater et al. 1995). Another inhibitor that is remarkably similar to CtrA is SpoOA from the
spore-forming Gram-positive bacterium Bacillus subtilis. Like CtrA, SpoOA is a response
regulator and transcription factor that acts as a master regulator for entry into sporulation
only in its phosphorylated form (Piggot and Hilbert 2004). In addition to its transcription-
related activities, SpoOA also binds to sites in the origin overlapping DnaA-binding sites and
prevents replication initiation once sporulation has commenced (Castilla-Llorente et al.
2006). In the case of both CtrA and SpoOA, it appears that the cell has adapted an existing
transcription factor to couple developmentally regulated changes in gene expression to
duplication of the genome. This strategy might be readily evolved, because it requires only a
series of base pair changes in the region around the origin of replication to introduce a new
binding site for a pre-existing DNA-binding protein.

Replication Licensing in Eukaryotes

The basic requirement for high DnaA and low CtraA activities to allow replication initiation
in Caulobacter is strikingly similar to the mode of origin licensing in eukaryotes. There,
licensing occurs before entry into S phase, when APC levels are high and CDK-cyclin levels
are low (Fig. 1B) (for review, see Diffley 2004; Arias and Walter 2007). Only under those
conditions can prereplication complexes (pre-RCs) load at chromosomal origins. Pre-RCs
consist of the ORC, the MCM2-7 presumptive helicase, and two additional factors, Cdc6
and Cdt1, each of which is essential for origin licensing. Upon inactivation of the APC and
activation of S-phase CDKSs, origins that have been preloaded with pre-RCs can fire
simultaneously for a single round of replication. Reinitiation is prevented because CDK
levels are high from S phase until late M phase, disallowing assembly of additional pre-RCs
at origins until the next late M and G phases. Unlike CtrA and DnaA in Caulobacter,
however, the APC and CDKs exert their effects on replication licensing indirectly.

As described above, CtrA activity is regulated redundantly by phosphorylation—
dephosphorylation and synthesis—proteolysis, which also relies on precise subcellular
protein localization. Similar mechanisms regulate components of the pre-RC in yeasts and
metazoans (for review, see Diffley 2004; Arias and Walter 2007). In the budding yeast
Saccharomyces cerevisiae, for example, CDK phosphorylation of pre-RC components can
target them for ubiquitin-mediated proteolysis, affect their subcellular localization, or
regulate their enzymatic activities. In addition to CDK-mediated inactivation of pre-RC
components, in metazoans the APC mediates destruction of the Cdt1 inhibitor geminin in M
and G4 phases, allowing pre-RC assembly precisely in that window of time. Variations on
these regulatory events, with CDK-mediated phosphorylation inactivating components of the
pre-RC and the APC inactivating CDKs, are found in all eukaryotes that have been studied.

The requirement in many species to limit replication initiation to once per cell cycle has led
to the independent evolution of redundant, and remarkably similar, regulatory mechanisms
in diverse organisms. The fundamental paradigm of oscillation between two mutually
exclusive states as a component of control of replication initiation (e.g., high DnaA-low
CtrA in Caulobacterand high APC-low CDK in eukaryotes) appears across distant domains
of life as the driver behind origin licensing and replication initiation. The combination of
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this oscillation with the additional elements of spatial and temporal regulation via
phosphorylation, proteolysis, and localization of key components produces a rigorous
system with numerous fail-safes to restrict DNA replication initiation until all conditions
necessary for successful completion are satisfied.

AFTER ENTRY INTO S PHASE: CHROMOSOME SEGREGATION AND
ORGANIZATION
Timing of Replication and Segregation: All Things Are Not Equal

As we have noted, striking parallels exist in the logic, if not the specific proteins, that drives
cell cycle progression in eukaryotes and bacteria. However, there are notable differences.
One significant difference is the strict temporal separation of replication and segregation in
eukaryotes (Philpott and Yew 2008); these processes are concurrent in Caulobacter and other
bacteria (Viollier et al. 2004; Thanbichler and Shapiro 20063).

The ability to synchronize Caulobacter cells enabled Viollier et al. (2004) to demonstrate
concurrent replication and segregation directly by visualizing segregation in live cells. Using
10 separate strains, they showed that segregation of genomic loci follows a strict order that
corresponds with the order of replication. Furthermore, comparing the timing of replication
with that of segregation demonstrated that segregation does not wait for replication to finish.
It is important to note that this distinction, with prokaryotes initiating segregation of loci
immediately after they are replicated, is not absolute. An exception occurs in £. coli, where
an origin-proximal portion of the genome undergoes “sister chromatid cohesion” for a short
period of time and is segregated as a single unit (Bates and Kleckner 2005; Espéli et al.
2008). Once this origin macrodomain has segregated, however, the rest of the £. coli
chromosome undergoes concurrent replication and segregation (Nielsen et al. 2006a).

In stark contrast to bacterial systems, eukaryotic entry into mitosis can only occur after all
DNA replication is completed. In the presence of unreplicated DNA, the checkpoint inducer
protein Chk1 initiates a phosphorylation signaling cascade that results in inactivation of
mitotic CDK~—cyclin and cell cycle arrest (Dasso and Newport 1990; Kumagai et al. 1998),
thus assuring that eukaryotic DNA replication is completed before initiating mitosis.

Chromosome Segregation Is an Active Process

In addition to differences in the relative timing of segregation with respect to replication, a
second major difference between the eukaryotic and prokaryaotic cell cycles is commonly
cited, namely, eukaryotes have a dedicated machinery that separates the chromosomes,
whereas bacteria do not. However, in recent years, this view has been challenged.

In 1964, Jacob et al. published a possible mode of chromosome segregation in bacteria based
on the hypothesis that the origin of replication is anchored to the cell envelope (Jacob et al.
1964). If, after replication, the cell wall grows in between two chromosome attachment sites,
this model predicts that DNA separation could happen passively as a result of cell growth.
This first and very influential model of DNA segregation was the accepted paradigm for a
considerable time. With the advent of methods to visualize DNA loci in live bacterial cells
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using fluorescent fusions to sequence-specific DNA-binding proteins (Robinett et al. 1996;
Straight et al. 1996; Webb et al. 1997; Nielsen et al. 2006b), however, several groups
demonstrated that the movement of labeled DNA loci is too fast to be accounted for by cell
growth (Mohl and Gober 1997; Webb et al. 1997; Viollier et al. 2004; Fogel and Waldor
2006), thus challenging the Jacob model. Furthermore, several species of bacteria have
proteins that specifically affect the localization of segments of the chromosome (Ben-
Yehuda et al. 2003; Yamaichi and Niki 2004; Gitai et al. 2005; Fogel and Waldor 2006;
Bowman et al. 2008; Ebersbach et al. 2008), and in Caulobacter, the existence a centromere,
i.e., a site of force exertion on the DNA during segregation, has been demonstrated (Toro et
al. 2008). This centromere, the widely conserved parS sequence, is the only demonstrated
exception to the rule of sequential segregation mentioned above. By necessity, the site of
force exertion must move ahead of all other sites, and parSwas shown to be invariantly the
first locus segregated, even when the genomic distance, and therefore time of duplication,
between the replication origin and parSwas increased considerably. Interestingly,
Caulobacter parS is situated very close to the origin of replication, and a comparative
genomics study found that this arrangement is true of most bacteria (Livny et al. 2007). This
suggests that concurrent replication and segregation may require the centromere to be placed
near the origin of replication.

In short, at least some bacteria actively segregate their chromosomes and have a functional
equivalent of a mitotic spindle. The detailed molecular mechanism that drives this movement
is still unknown, but the ParA/ParB/parS partitioning system is likely to be involved (Fogel
and Waldor 2006; Toro et al. 2008). In several bacterial species, however, the ParA/ParB/
parS system is not essential, and some species (e.g., £. coli) do not have it at all, so bacteria
must have evolved several independent DNA segregation systems.

The Chromosome Is Structured within the Nucleus and Nucleoid

An exciting recent development in cell biology has been the realization that chromosomal
DNA is nonrandomly organized. In the case of bacteria, it was first discovered in
Caulobacterand B. subtilis that the origin and terminus of replication held fixed positions
within the cell (Mohl and Gober 1997; Webb et al. 1997). Later, a comprehensive study of
112 different loci in Caulobacter demonstrated that the cellular position of any given locus is
linearly correlated with its position on the chromosome (Viollier et al. 2004), a finding that
is likely to be true of other bacteria (Teleman et al. 1998; Niki et al. 2000). Interestingly,
whereas B. subtilis and Caulobacterarrange their chromosomes so that the origin of
replication is at one pole and the terminus at the other, £. coli arranges the left and right
replichores along this axis, instead (Wang et al. 2006). The reason for this difference is
unknown; an explanation will require an understanding of the mechanism that controls
chromosome orientation within the cell. Toward this end, two factors have been identified
that control chromosomal anchoring to the cell wall, one in B. subtilis and the other in
Caulobacter (Ben-Yehuda et al. 2003; Bowman et al. 2008; Ebersbach et al. 2008; Toro et al.
2008). The relevant questions now are(1) how is chromosomal anchoring regulated and (2)
are there other anchoring points in the cell?
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In Caulobacter, the linear arrangement of genetic loci within the cell, and the simultaneous
replication and segregation of these loci, is a factor in the temporal regulation of
transcription of the adnaA and ctrA master regulator genes that orchestrate cell cycle
progression (Reisenauer and Shapiro 2002; Collier et al. 2007). Replication initiates on a
fully methylated chromosome. As the replication fork proceeds, the DNA copies become
hemimethylated and remain in that state until the completion of DNA replication, because
the CcrM DNA methyltransferase, which methylates the chromosome, is only present for a
short period of time after completion of replication. The dnaA gene, which is adjacent to
Corion the chromosome, is preferentially transcribed from a fully methylated promoter.
When the replication fork passes through dnaA, the two copies of the dnaA gene become
hemimethylated, decreasing the transcription of dnaA. The ctrA gene, on the other hand, is
farther from Coriand is preferentially transcribed from a hemimethylated promoter. This
assures that ctrA transcription is activated later than dnaA, and the timing of activation of
both transcripts is thus linked to the passage of the replication fork.

The realization that chromosomes are nonrandomly organized within the nucleus of
eukaryotic cells originated from microirradiation experiments on synchronized hamster cells
(Zorn et al. 1979). These authors showed that irradiation of a small section of the nucleus
resulted in large amounts of damage to a small number of chromosomes, rather than a small
amount of damage to all. This suggested that chromosomes occupy a small fraction of the
nucleus, termed a “chromosome territory.” Later experiments confirmed this interpretation
(Cremer et al. 1993; Croft et al. 1999) and showed that different cell types arrange their
chromosomes in different configurations. For example, mouse hepatocytes tend to keep
chromosomes 5 and 6 together and chromosomes 12 and 15 apart, a situation that is reversed
in lymphocytes (Parada et al. 2004). This observation is particularly interesting because
mouse hepatomas frequently show translocations between chromosomes 5 and 6, whereas
lymphomas tend to show translocations between 12 and 15. A second striking example is
found in the organization of heterochromatin in rod photoreceptors of nocturnal mammals.
The majority of eukaryotic cells examined thus far localize the bulk of the heterochromatin
to the nuclear periphery. Rod photoreceptors in nocturnal mammals, however, are an
exception to this rule, and computer simulations suggest that this inverted nuclear
organization works as a lens that channels light more efficiently to the light-sensing
segments of the rod cells (Solovei et al. 2009). This remarkable finding underscores the fact
that DNA organization within the cell is under strong selection not only for regulatory
efficiency, but also for the physical implications of its structure.

DNA Mobility within the Nucleus

Localization is not the only aspect of chromosome organization that is strictly controlled. In
bacteria, the mobility of DNA segments is restricted to subcellular domains (Fiebig et al.
2006). The spatial organization of the chromosome thus appears to favor certain DNA-DNA
interactions much more than others. In the case of Caulobacterand B. subtilis, interactions
that are symmetric around the origin—terminus axis are favored, whereas E. coli favors
interactions perpendicular to this axis. Comparative genomics as well as experimental
manipulations have shown that there is strong selection for equal length along the two arms
of the bacterial chromosome (Esnault et al. 2007). Hence, the orientation of the chromosome
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will determine the relative likelihood of neutral versus deleterious inversions. Taken
together, these findings paint a picture in which the three-dimensional organization of the
DNA within the nucleoid is highly regulated and has an important role in maintaining the
structural and functional integrity of the genome.

DIRECTING THE DIVISION PLANE

MipZ Communicates Information from the Chromosomes and the Poles to the Cell Division
Machinery in Caulobacter

The final stage of the cell cycle is the physical separation of the cell into two daughter cells,
or cytokinesis. Selection of the site of division is tightly controlled to assure that each
daughter receives a full, undamaged copy of the genome. Bacterial cell division is mediated
by the concerted action of a molecular machine called the divisome (Harry et al. 2006). The
first protein to localize to the incipient division plane is the tubulin homolog FtsZ, which
polymerizes into a ring structure (the Z ring) that forms the basis for assembly of the
remainder of the divisome. The subcellular position of FtsZ assembly thereby dictates the
site of cell division. In all bacteria that have been characterized, positioning of the Z ring
involves negative regulators of FtsZ assembly that prevent division everywhere except mid
cell. In Caulobacter, the locations of the duplicated chromosomes are intimately linked to
the placement of the Z ring through a Walker A cytoskeletal ATPase (WACA) called MipZ
that is conserved in a-proteobacteria (Thanbichler and Shapiro 2006b).

MipZ interacts directly with FtsZ in vitro and stimulates its GTPase activity, thereby
promoting depolymerization (Thanbichler and Shapiro 2006b). This activity is spatially
controlled in vivo so that the highest concentration of MipZ activity is at the cell poles and
the lowest is near mid cell. MipZ is localized to the cell poles by virtue of its interaction
with the ParB partitioning protein (Thanbichler and Shapiro 2006b), which, in turn, binds to
both the PopZ polar anchoring protein (Bowman et al. 2008; Ebersbach et al. 2008) and the
parS centromere (Mohl and Gober 1997; Toro et al. 2008). Importantly, the site of MipZ
localization therefore reflects both the location of the centromere(s) and the locations of the
cell poles. These interactions, combined with the dynamics of the chromosome, lead to a
defined spatial arrangement of the MipZ and FtsZ proteins over the course of the cell cycle
(Fig. 3A) (Thanbichler and Shapiro 2006b). Before duplication and segregation of pars,
MipZ (along with ParB/PopZ) is observed at the stalked pole and FtsZ is found in a focus at
the opposite new pole. Upon segregation and bipolarization of the parS/ParB/MipZ/PopZ
complex, FtsZ depolymerizes at the new pole and reassembles at the site of lowest MipZ
concentration in the cell, roughly the middle. The accuracy of this system relies on two
characteristics of the Caulobacter chromosome: (1) The parS centromeres are anchored at
the cell poles after duplication and segregation and (2) the single chromosome is duplicated
exactly once per cell cycle.

Other Bacteria Use Separate Systems to Sense the Cell Poles and the Replicating
Chromosome

Mechanisms of division site selection in £. coliand B. subtilis also reflect the positions of
the cell poles and the segregated chromosomes. However, they achieve this using two
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separate mechanisms, each of which is distinct from MipZ (Fig. 3B,C). Polar assembly of
FtsZ is inhibited in these organisms by MinC, a protein that directly interacts with FtsZ and
antagonizes lateral interactions between protofilaments that are thought to be important for
formation of a stable divisome (Dajkovic et al. 2008; Scheffers 2008). MinC localizes by
interacting with the membrane-associated WACA MinD. In E. coli, MinCD oscillates from
pole to pole driven by the action of a third protein, MinE (Fig. 3B) (Hu and Lutkenhaus
1999, 2001; Raskin and de Boer 1999a,b; Fu et al. 2001), whereas in B. subtilis, MinCD
localizes by binding to DivIVA, a protein unrelated to MinE that localizes to the septum and
to the new pole (Fig. 3C) (Marston et al. 1998). Unlike MipZ, MinCD is not essential in £.
colior B. subtilis because a second system is in place to inhibit FtsZ assembly by a nucleoid
occlusion mechanism. Nucleoid occlusion functions in £. coliand B. subtilis through
unrelated effectors that act as negative regulators of Z-ring assembly: SImA in the former
and Noc in the latter (Wu and Errington 2004; Bernhardt and de Boer 2005). In both cases,
the nucleoid occlusion protein associates asymmetrically with the chromosome(s) and
inhibits assembly of the FtsZ ring on the membrane around the nucleoid (Fig. 3B,C). This
limits initiation of cell division to areas of low DNA concentration, either close to the poles
(which is inhibited by MinCD and therefore disallowed) or between the chromosomes after
segregation.

Ancestors to the a-proteobacteria probably originally possessed MinC and/or MinD and lost
them, because these proteins are present in diverse species including other classes of
proteobacteria, Gram-positive organisms, and even some chloroplasts. MipZ may have
arisen originally as a gene duplication of another WACA protein such as ParA. It could then
adapt to direct FtsZ localization while the mechanisms allowing polar positioning of parS
were evolved, eliminating the need for MinCD. It has not been determined if MinCD
artificially expressed in Caulobacter can oscillate from pole to pole, but we speculate that the
distinct biochemical identities of the poles in Caulobacter might affect the efficiency of such
a system. Moreover, the MipZ division plane positioning mechanism allows FtsZ to
assemble over the bulk of the nucleoid early in the cell cycle, where it can direct both
elongation of the cell before invagination at the division site (Aaron et al. 2007) and the
process of division. A nucleoid occlusion system would eliminate the ability of FtsZ to
direct the early phase of growth at mid cell, and this activity may have supplied selective
pressure for eliminating nucleoid occlusion in Caulobacter or for preventing its inception.
On the other hand, MipZ alone would not function efficiently in £. coli or B. subtilis
because these organisms can have multiple rounds of chromosome replication occurring per
cell division. In Caulobacter, the cell division regulatory mechanism may in turn select
against mutations that alter positioning of the centromere or that allow reinitiation of DNA
replication before division in a-proteobacteria, leading to stable coupling of chromosome
dynamics and division site selection.

CONCLUSIONS

We have described here the extraordinary lengths to which all cells go to preserve the
integrity of their genomes. Intricate timing and synchronization mechanisms ensure accurate
progression of the cell cycle into S phase only when necessary precursor processes are
complete and nutrients are adequate. During and after replication, the chromosomes are
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highly organized and are actively shaped and moved during segregation. Finally, cell
division occurs at a time and place in the cell that reflects constraints communicated from
the replicated, segregated chromosomes. These general rules for preserving genome integrity
are found throughout all domains of life, and the conservation of the regulatory logic and
mechanisms underpinning cell cycle control in diverse organisms is truly remarkable.

In general, however, it is problematic that the great majority of our cell biological knowledge
comes from a handful of organisms, particularly in the case of bacteria. The fact that £. coli
and B. subtilis diverged about 1.5 billion years ago (Ochman and Wilson 1987) underscores
the immense molecular variation that is contained in prokaryotes, but which is vastly
underexploited. Exploration into other, divergent organisms will yield new insights into the
conservation and evolution of the regulatory logic and genetic circuit design that drives cell
cycle progression.
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Figure 1.
Replication initiation is limited to once per cell cycle by oscillating master regulators in both

prokaryotes and eukaryotes. (A) Caulobacter cell cycle. The swarmer cell sheds its polar
flagellum, and in the presence of low CtrA (red) and high DnaA (purple), DNA replication
can initiate in the new stalked cell. (Colored arcs) Presence of the indicated master regulator
protein, (curved ellipses) circular chromosome. (B) Generalized eukaryotic cell cycle. The
APC is active from the metaphase-to-anaphase transition in late mitosis through most of Gy
phase, keeping CDK-cyclin activity low and allowing loading of pre-RC complexes and
origin licensing. When S-phase CDK cyclins are activated at the onset of S phase, licensed
origins fire simultaneously.
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Figure2.
The Caulobacter core cell cycle transcriptional control circuit includes posttranslational

regulation of master regulators. Each master regulator activates transcription of the next and,
in the case of CtrA and CcrM, inhibits transcription of the previous master regulator in the
cascade. Promoters and genes encoding the master regulators are depicted with regulatory
and/or binding motifs (small boxes) indicated. The color of the regulatory motif correlates
with the master regulator that governs it (i.e., small red boxes represent CtrA-binding sites,
etc.). (Asterisks) CcrM methylation sites, (bubbles) posttranslational regulation of DnaA and
CtrA. (Z) DnaA is inactivated after HdaA joins the replisome upon initiation of replication.
(2 CtrAis localized to the stalked pole, by the concerted action of RcdA, PopA, ClpXP, and
CpdR, where it is subjected to ClpXP-mediated proteolysis. (3) CtrA is phosphorylated and
activated by the same CckA-ChpT phosphorelay that phosphorylates and inactivates CpdR.
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Figure 3.

Placement of the division site integrates positional information from the poles and the
chromosomes. (A) In Caulobacter, the MipZ complex is localized at the old pole and FtsZ is
observed at the new pole. Upon segregation of parS, MipZ becomes bipolar, displacing FtsZ
from the pole and targeting it to mid cell. (B) In E. coli; MinCD oscillates from pole to pole
driven by MinE (which moves in the direction of the purple arrows). Additionally, SImA on
the segregated chromosomes inhibits FtsZ assembly over the bulk of the nucleoid. (C) B.
subtilis also uses MinCD to inhibit polymerization of FtsZ next to newly formed poles but is
localized by DivIVA. The activities of the Min system are complemented by Noc, which
prevents Z-ring assembly over the chromosome(s).
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