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Summary of recent advances

A major breakthrough in understanding the bacterial cell cycle is the discovery that bacteria exhibit
a high degree of intracellular organization. Chromosomal loci and many protein complexes are
positioned at particular subcellular sites. In this review, we examine recently discovered control
mechanisms that make use of dynamically localized protein complexes to orchestrate the
Caulobacter crescentus cell cycle. Protein localization, notably of signal transduction proteins,
chromosome partition proteins, and proteases, serves to coordinate cell division with chromosome
replication and cell differentiation. The developmental fate of daughter cells is decided before
completion of cytokinesis, via the early establishment of cell polarity by the distribution of activated
signaling proteins, bacterial cytoskeleton and landmark proteins.

Introduction

The bacterial cell is now known to be highly organized and to use cytoskeletal proteins to
facilitate dynamic cellular processes and cell shape. Examples of both protein complexes and
chromosomal loci have been shown to have specific cellular addresses. To address the question
of how dynamic subcellular positioning contributes to the regulatory mechanisms that control
the cell cycle, the a-proteobacterium Caulobacter crescentus has been the focus of extensive
investigation. Caulobacter divides asymmetrically in each cell cycle, yielding a flagellated
swarmer cell and a sessile stalked cell, each exhibiting different morphological features and
cell fates (Fig.1A). The motile swarmer cells are incapable of initiating chromosome replication
and cell division until they differentiate into stalked cells. During the swarmer-to-stalked cell
differentiation, which is the bacterial equivalent of the eukaryotic G1-to-S transition,
Caulobacter loses its polar flagellum, pili and chemoreceptors, and builds a stalk, capped with
a holdfast, at the cell pole previously occupied by the flagellum. The stalked cell, generated as
a result of cell division or by differentiation of a swarmer cell, immediately initiates
chromosome replication. Pre-divisional cells construct a new flagellum and pili at the cell pole
opposite the stalk. The cytoplasm of the pre-divisional cell partitions significantly before cell
separation [1,2]. The two compartments formed in the late pre-divisional cell express different
genetic programs, leading to the distinct cell fates of the two progeny cells.

In this review, we focus on the transcriptional, posttranscriptional, and signal transduction
mechanisms controlling Caulobacter cell cycle progression that integrate the dynamic
localization of protein complexes and chromosomal loci involved in these processes.
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Spatially confined master regulators control cell cycle progression

Progression of the Caulobacter cell cycle requires a coordinated succession of genetic events
that control chromosome replication, polar differentiation, and cell division. The time of
duration of each of these events is shown in Fig.1A. Global analysis of mMRNA levels during
the Caulobacter cell cycle using whole genome microarrays, showed that the expression of
about 15% of the genes is cell cycle-regulated [3]. Three essential master transcriptional
regulators have been identified, which control the temporal and spatial expression of
approximately 200 cell cycle-regulated genes in Caulobacter (Fig.1B). The CtrA response
regulator directly controls the transcription of 95 genes, and in swarmer cells binds to and
silences the chromosomal origin of replication [4-7]. The DnaA protein, well known to
function as an essential replication initiator in nearly all bacteria studied, was recently shown
to regulate the transcription of a minimum of 40 genes during the Caulobacter cell cycle [8,
9]. Finally, GerA regulates the transcription of about 50 genes [10]. The three master regulators
oscillate out-of-phase temporally and spatially, so that each cell cycle-regulated gene is
activated at its time of function (Fig.1B) [10,11]. Caulobacter has developed robust
mechanisms to strictly control the accumulation, and sometimes the activity, of each of these
master regulators (Fig.2A) [10-13]. The best understood of these regulatory pathways is the
temporally and spatially-regulated activation and degradation of the CtrA protein.

Localized signaling protein and protease complexes control the time and
place of CtrA activation and proteolysis

The removal of active CtrA (CtrA-P) during the swarmer-to-stalked cell transition and in the
stalked compartment of the late pre-divisional cell is essential for the initiation of DNA
replication [12]. Once replication has initiated, CtrA again accumulates to allow its functions
as a transcriptional regulator. Thus, the timing of CtrA proteolysis must be tightly controlled.
CtrA is degraded by the essential ClpXP ATP-dependent protease (Fig.2A&B) [14,15].
Because ClpXP is present throughout the cell cycle [15], but CtrA is only degraded during a
narrow time frame in stalked cells, a mechanism must be operative to control the timing of
CtrA proteolysis by ClpXP. Surprisingly, the proteolysis of CtrA requires the transient
localization of the ClpXP protease to the stalked pole of the cell. A localization factor, RcdA,
in complex with CtrA, interacts with ClpXP at the stalked cell pole, providing a cell localization
mechanism to control the degradation of CtrA at the correct time in the cell cycle (Fig.2B)
[14]. 1t was further shown that a single domain response regulator, CpdR, is required to localize
the CIpXP protease to the stalked pole [16]. During the swarmer-to-stalked cell transition and
in the stalked compartment of the late pre-divisional cell, CpdR is not in the phosphorylated
state. Only unphosphorylated CpdR localizes to the stalked pole and promotes the same polar
localization of the ClpXP/RcdA complex to eliminate CtrA. Once phosphorylated, CpdR~P
accumulates in the flagellated compartment of the predivisional cell, it loses its polar
localization and consequently its ability to promote CtrA degradation. CpdR is phosphorylated
by the cell cycle-regulated CckA histidine kinase, via the ChpT phosphotransferase [17].
Because the CckA/ChpT pathway also phosphorylates CtrA [17,18], it has the dual function
of directly activating CtrA while preventing its degradation [16].

Like CtrA, the McpA chemoreceptor (that is positioned at the cell pole) is also degraded by
the polar ClpXP complex during the G1-to-S transition, in a CpdR-dependent manner [16].
Yet, the proteolysis of McpA does not require RcdA [14]. It is also interesting to note the
dynamic nature of ClpXP/RcdA localization: the ClpXP/RcdA complex leaves the cell pole
following the initiation of DNA replication and transiently localizes to the division plane in
pre-divisional cells (Fig.2B) [14], but its localization at that site does not require CpdR [16].
The ClpXP/RcdA complex at the division plane may function in the disassembly of the FtsZ
division machinery upon completion of cytokinesis. These observations suggest a novel aspect
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of the role of the three dimensional deployment of complex regulatory networks to control
protein degradation during the Caulobacter cell cycle.

Regulated intramembrane proteolysis (Rip) controls the functions of a cell
polarity determinant

Another well understood, but different, example of a spatially-regulated proteolytic event
during the Caulobacter cell cycle occurs when the PodJ polarity determinant is cleaved to a
shorter form, thus modulating its functions (Fig.3A&B) [19-21]. The trans-membrane protein
PodJL is synthesized in early pre-divisional cells, where it localizes at the incipient swarmer
pole to recruit factors required for pili biogenesis, including the PleC histidine kinase (Fig.
3B&C) [22-24]. Single molecule visualization of PleC-GFP in living cells indicated that PleC
is positioned at the cell pole by a diffusion/capture mechanism [25], suggesting that PleC is
captured by a complex positioned at that pole at a specific time in the cell cycle. As the cell
divides, the periplasmic domain of PodJL is cleaved by the periplasmic protease PerP [21] .
This proteolytic event gives rise to a truncated form (PodJS) that stays localized at the
flagellated pole of the future swarmer progeny cell. PodJS is required for chemotaxis and
holdfast formation in swarmer cells, presumably by recruiting polar factors required for those
processes [19,23]. The expression of the perP gene is activated by a signal transduction
pathway in response to the completion of cytokinesis [21]. An important protein in this pathway
is the DivK single domain response regulator. DivK is phosphorylated by the DivJ kinase at
the stalked pole and dephosphorylated by PleC functioning as a phosphatase at the flagellated
pole [26]. Before compartmentalization of the cytoplasm, the DivK protein shuttles rapidly
between the two poles of the pre-divisional cell [27]. Upon completion of cytokinesis, the
activities of PleC and DivJ are physically separated, resulting in differential levels of DivK
and DivK~P in the two compartments of the late pre-divisional cell: DivK~P in the stalked
compartment and DivK in the swarmer compartment. It has been proposed that DivK~P
indirectly promotes the degradation of CtrA in the stalked cell [28]. Because perP transcription
is activated by CtrA [21], perP expression is confined to the swarmer cell, resulting in the
coupling of the completion of cytokinesis to perP expression and therefore PodJL cleavage
into PodJS. Inturn, PodJS is cleaved within the cytoplasmic membrane by the trans-membrane
metalloprotease MmpA, belonging to the Rip family of proteases [20]. Following this second
cleavage event, PodJ gets rapidly degraded during the swarmer-to-stalked cell transition by an
unknown protease, thereby maintaining asymmetry in the predivisional cell.

A birth scar protein marks the new cell pole

The biogenesis of organelles such as flagella and pili at the cell pole at specific times in the
cell cycle is a hallmark of the Caulobacter cell cycle. What are the mechanisms that direct the
synthesis of new structures at a specific site on the cell? An indication of how this might occur
has recently been provided by the discovery of a new protein, TipN, that serves as a landmark
for the biogenesis of these polar structures [29,30]. TipN is located at the division plane in late
pre-divisional cells and is retained at the new pole of each of the two progeny cells after the
completion of division (Fig.3D). As the progeny cells proceed through the cell cycle, TipN
relocates to the new division site, so that TipN will again mark the new pole at the next division.
TipN is necessary for the assembly of the flagellum at the correct pole of the cell in early pre-
divisional cells, via the localization of the TipF protein at the new pole [29]. Flagella are
assembled at ectopic locations when TipN is absent, and new flagella assemble along the lateral
side of the cell when TipN is overproduced, as if new cell poles were created [29,30]. Other
phenotypes associated with a tipN deletion include mislocalization of the division plane, and
mislocalization of PleC and the pilus secretion protein CpaE [30]. Thus, TipN provides a
positional cue to orient the polarity axis of the cell.
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A cytoskeletal protein polarizes the cell

The actin homolog MreB contributes to Caulobacter cell polarity. MreB forms a dynamically
contracting and expanding spiral-like structures that lines the inner surface of the cytoplasmic
membrane [31,32]. MreB, which is essential for viability, affects cell shape as well as the
dynamic positioning of developmental regulators, such as PleC and DivJ, to the correct cell
pole: PleC to the swarmer pole and DivJ to the stalked pole [31]. When MreB is depleted, prior
toachange is cell shape, the polar localization of PleC and DivJ are lost. This effect is reversible
in that upon re-synthesis of MreB both PleC and DivJ are localized to cell poles. However,
these polar proteins become randomly distributed to either cell pole. Their polar specificity is
lost [31]. Furthermore, cells recovering from MreB depletion exhibit branching morphology
and possess ectopic poles [33]. Thus, the spatial organization of MreB actin contributes to the
establishment of cell polarity and protein localization in Caulobacter. Since the dynamic
reorganization of MreB in pre-divisional cells is affected in a tipN deletion mutant, it is likely
that TipN is upstream of MreB in regulating cell polarity [30].

Spatial control of the division site placement

In Caulobacter, cytokinesis initiates shortly after entry into S phase. It starts with the
repositioning of tubulin-like FtsZ protein, left at the new cell pole following the previous cell
division, to a position close to mid-cell (Fig.4) [34]. How is FtsZ directed to a site at mid-cell?
This problem in spatial dynamics makes use of a newly discovered protein, MipZ, that
coordinates chromosome dynamics with cytokinesis [34]. In swarmer cells, the single circular
chromosome is oriented such that the origin sequence resides at the pole bearing the flagellum
and the terminus resides at the opposite pole [35]. Upon the initiation of replication in the new
stalked cell, a copy of the origin sequence moves rapidly to the opposite cell pole [36]. The
mechanism that directs FtsZ monomers to mid-cell depends on the timing and movement of
the replicated origin to the cell pole. MipZ is an ATPase that forms a complex with the
partitioning protein ParB at the origin region of the chromosome (Fig.4). Upon initiation of
chromosome replication and segregation, duplicated origins maintain the ParB and MipZ
complex. MipZ forms a gradient with its highest concentration peaking at the polar position
of the origins and decreasing toward mid-cell. Because MipZ is an inhibitor of FtsZ
polymerization [34], FtsZ ring formation occurs at the cell position with the lowest
concentration of MipZ at midcell. This mechanism also provides a checkpoint to prevent FtsZ
ring assembly before the onset of chromosomal replication. Upon completion of cytokinesis
but prior to cell separation, the stalked compartment, but not the swarmer compartment,
continues to grow yielding progeny of different sizes.

Conclusions

The development of powerful imaging technologies has opened new doors to the investigation
of the spatial localization of protein complexes and chromosomal loci in living bacterial cells.
Cellular events can now be followed in time and space, leading to an understanding that the
dynamic three dimensional organization of the bacterial cell plays a fundamental role in the
mechanisms that control the cell cycle. It is now clear that many regulatory events take place
at specific subcellular locations during the bacterial cell cycle. In some cases, signaling and
regulatory proteins are not localized at a specific subcellular location, but instead in a specific
cell compartment when the cell is about to divide. Temporal and spatial control is used to
coordinate chromosome replication and segregation with cell division and polar organelle
development.

Although it has been established that the bacterial cell is highly organized and that this
organization contributes to the regulation of cell cycle events, many questions remain
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unanswered. An outstanding issue is an understanding of the mechanisms used to localize
proteins to specific sites in the bacterial cells. There are examples of localization mechanisms
involving diffusion/capture [25,37] and targeted membrane insertion [38,39] in bacterial cells.
The challenge now is to understand how the signaling, landmark, and cytoskeletal proteins
described here are involved in protein or DNA localization at specific subcellular positions
within the cell. New cytoskeletal structures have recently been visualized in Caulobacter cells
[40] and their role in dynamic cellular processes is being explored. Also under investigation
are the possibilities that localized proteins recognize specific membrane lipid domains [41],
and that mRNA can be localized in bacterial cells to direct the synthesis of proteins at specific
cellular sites, as seen in eukaryotic cells [42].
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Figure 1. The Caulobacter cell cycle and its regulation by master regulators

(A) Schematic of the Caulobacter cell cycle. Cell cycle events are shown in boxes that are
aligned with the cell cycle model to show when these events take place during the cell cycle.
(B) Schematic of the differential accumulation of the three master regulators during the
Caulobacter cell cycle. Red indicates CtrA, green indicates DnaA, and blue indicates GcrA.
The approximate number of genes included in the regulon of each master regulator is also
indicated.
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Figure 2. Spatial regulation of CtrA proteolysis

(A) A diagram of the regulatory pathways controlling the synthesis, the stability, and the
activation of master transcriptional regulators. Protein names highlighted in pink correspond
to proteins that localize at specific sub-cellular positions. (B) Model of the cell cycle-dependent
localization of proteins involved in the degradation of the CtrA global regulator [14,15,16].
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Figure 3. Regulation and localization of proteins involved in the polarization of Caulobacter cells
(A) A schematic diagram of the sequential proteolytic processing of PodJ, first by the
periplasmic protease PerP, then by the Rip metalloprotease MmpA, and finally by an unknown
cytoplasmic protease [21]. (B) A schematic of the regulatory pathway controlling the polarity
determinant PodJ. SW pole indicates the flagellated pole of the pre-divisional cell. PodJL is
synthesized in early pre-divisional cells, where it localizes at the SW pole and recruits PleC.
Compartmentalization, monitored in part by PleC, activates the expression of the PerP protease.
PerP cleaves PodJL into PodJS. The polar functions controlled by PodJL and PodJS are
indicated [20-24]. (C) Model of the cell cycle-dependent localization of proteins involved in
polar in PodJ processing and polar organelles development. (D) Model of the cell cycle-
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dependent localization of the polarity determinant TipN. The new pole of the cell is marked
by TipN throughout the cell cycle [29,30].
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Figure 4. Integration of the spatial deployment of the replication origin and the mid-cell placement
of FtsZ cytokinetic ring in Caulobacter

In swarmer cells (SW), the single origin of replication (Cori) is located at the flagellated cell
pole and the FtsZ tubulin is at the opposite pole. After the initiation of replication, one copy
of the Cori moves to the opposite end of the cell. The ParB partition protein in complex with
the MipZ ATPase binds to the origin regions that are then localized at the two cell poles in the
stalked cells. MipZ, an inhibitor of FtsZ polymerization, is distributed in a bipolar gradient
with the highest concentrations at the poles and lowest at mid-cell. As soon as MipZ reaches
the cell pole, FtsZ is displaced from that pole and moves to mid-cell, thereby marking the site
of the cell division plane [34]. SW, swarmer cell; ST, stalked cell; PD, pre-divisional cell.
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