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Abstract

Cellular functions in Bacteria, such as chromosome segregation and cytokinesis, result from
cascades of molecular events operating largely as self-contained modules. Regulated timing of
these cellular modules stems from global genetic circuits that allow precise temporal activation
with respect to cell cycle progression and cell differentiation. Critically, many of these functions
occur at defined locations within the cell, and therefore regulators of each module must
communicate to remain coordinated in space. In this perspective, we highlight recent discoveries
in Caulobacter crescentus asymmetric cell division to illuminate diverse mechanisms by which a
cellular compass, composed of scaffolding and signaling proteins, directs cell cycle modules to
their exact cellular addresses.

Introduction

Every cell cycle, Caulobacter crescentus divides asymmetrically to produce two different
progeny, a swarmer cell and a stalked cell, each with distinct morphological features and
regulatory programs (Figure 1a). The swarmer (G1-phase) cell is motile and unable to
replicate its genome or to divide. The swarmer cell differentiates into a stalked (S-phase) cell
by shedding its flagellum, replacing it with a stalk, and initiating DNA replication. The
elongating stalked cell synthesizes a flagellum at the cell pole opposite its stalk. Cytokinesis
of the inner membrane of the predivisional (G2-phase) cell compartmentalizes the replicated
chromosomes into the nascent swarmer and stalked progeny, asymmetrically partitioning
cell fate factors to reset their developmental programs before the conclusion of cell division

[1].

Asymmetric division requires mechanisms for directing each daughter cell to initiate
differential expression of genes as a function of cell cycle progression. Transcript levels of at
least 400 genes (~10% of the annotated open reading frames in the C. crescentus genome)
vary over the course of the cell cycle, including those encoding factors required for the
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initiation of DNA replication, chromosome segregation, cytokinesis, and biogenesis of the
stalk, flagellum, pili, and chemotaxis machinery [2,3°]. A cyclical genetic circuit involving
seven master regulator proteins (CtrA, GerA, DnaA, SciP, MucR1, MucR2, and CcrM)
drives cell cycle regulated transcription [4], accounting for 60% of all cell cycle regulated
genes [3°] (Figure 1a,b). These regulators peak in abundance out of phase with each other,
promoting distinct events at specific times during the cell cycle stages (Figure 1a). However,
temporal control of gene expression alone is not sufficient to specify the subcellular
locations of cellular machinery. The core genetic circuit operates in concert with a cellular
compass, composed of signaling and scaffolding proteins, to direct cellular processes in both
time and space (Figure 1b).

Specific cell cycle events are organized into functional cellular modules, such as defining a
division plane or assembling a flagellum. These modules are self-contained such that, once
initiated, the following steps operate as a cascade without the need for external signals (i.e.,
flagellum assembly, compartment identification). A module communicates with other
modules, first to resolve when and where to execute its function, and second to communicate
the completion of its function (e.g. completing DNA segregation). Two design principles
emerge from the cell cycle control diagram shown in Figure 1b. First, the system is highly
integrated, with every module communicating with at least two other modules. Second,
every cellular module integrates both temporal and spatial inputs. Below, we provide three
examples illustrating different aspects of how temporally controlled genetic modules
interface with spatial signals: (i) the regulation of Z-ring polymerization via combinatorial
transcriptional control and a gradient of an inhibitory protein, (ii) the control of the levels
and activity of the CtrA master regulator via spatially resolved signaling and proteolysis, and
(iii) the regulation of flagellum assembly and ejection via differential concentration of a
second messenger.

Z-ring dynamics: coupling DNA replication and segregation, cell cycle

progression, and cell division

Cytokinesis in C. crescentus is driven by the tubulin homolog FtsZ, which polymerizes
while bound to GTP [5]. Polymerized FtsZ filaments encircle the division site as a loosely
knit suprastructure (Z-ring), tethered to the cytoplasmic membrane via FzIC and FtsA [6].
Subsequently, the Z-ring recruits at least 20 different proteins to the ‘divisome’ complex,
which can then execute cytokinesis [5]. Hydrolysis of GTP destabilizes the FtsZ filaments,
leading to constriction.

The timing of divisome assembly and disassembly is controlled transcriptionally and post-
translationally to ensure that cell division occurs only upon completion of chromosome
replication and segregation. Transcription of f#s.Zlargely occurs in S-phase, concurrent with
the initiation of DNA replication (Figure 1a), as a result of combinatorial transcriptional
control by the global regulators DnaA, GcrA, and CtrA [3°,4]. Additionally, deletion of the
methyltransferase ccriM dramatically reduces f#s.Z expression [7], likely by decreasing GcrA-
dependent transcription [8°*]. Notably, a ccrM deletion can be rescued by mutations in the
phosphoenolpyruvate-carbohydrate phosphotransfer system (PTS) that upregulates ftsZ
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transcription, suggestive of additional layers of nutrient-sensing transcriptional regulation
[9,10]. Indeed, several studies have linked expression levels of GerA-regulated transcription
to levels of the alarmone (p)ppGpp [8*,10,11].

At the protein level, the NAD*/NADH dependent factors KidO and GdhZ inhibit FtsZ
polymerization. These factors are thought to tune cytokinesis timing by preventing
premature cytokinesis, promoting Z-ring disassembly upon completion of cytokinesis, and
providing a mechanism for the cell to inhibit cytokinesis during periods of starvation [12—
14]. ClpXP-mediated proteolysis of KidO, Gdhz, and FtsZ, further regulate the timing of Z-
ring constriction.

Z-ring assembly must occur at midcell following completion of DNA replication to prevent
chromosome breakage and thus must respond to a compass cue reporting on DNA
replication and segregation. In Escherichia coli, Z-ring positioning is achieved via the
MiInCDE system [15]. In C. crescentus, the essential ATPase MipZ, which is closely related
to MinD, not only regulates Z-ring positioning, but also spatially connects cell division with
DNA replication and segregation [16] (Figure 1b). MipZ directly stimulates the GTPase
activity of FtsZ to inhibit its polymerization [16]. The FtsZ-inhibitory activity of MipZ is
spatially restricted such that it is lowest near the midcell before cell division. This
localization is achieved by direct physical interaction of MipZ with the ParB centromere-
binding protein. ParB, in turn, tightly localizes to the self-organizing multimeric polar
matrix PopZ at both cell poles upon the segregation of the origin region of the chromosome
[17-19]. The MipZ concentration gradient that descends from both poles reaches low levels
only in the middle of the cell, permitting FtsZ polymerization at that location [20]. Thus,
MipZ localization reports on chromosome segregation, thereby intimately linking replication
and segregation of the chromosome to placement of the division site.

Spatially, the Z-ring also directs two other critical aspects of C. crescentus asymmetry,
described below. Critically, constriction of the Z-ring and closure of the inner membrane
compartmentalizes the predivisional cell [21], which asymmetrically sequesters cell fate
factors and enables completion of S->G2 transition (Figure 1a). Further, before constriction,
the Z-ring recruits the ‘birthmark’ protein TipN, which marks the new cell pole for flagellum
construction in both daughter cells (Figure 3), coordinating cytokinesis of the mother cell
with the polarity of daughter cells [22,23].

CtrA levels and activity: regulating asymmetry

The two-component signaling protein CtrA is a critical regulator of C. crescentus asymmetry
through its dual rules as an inhibitor of the initiation of DNA replication and as a
transcription factor that controls the expression of least 90 cell cycle regulated genes [24,25].
Unlike any other master regulator in C. crescentus, CtrA must be phosphorylated (CtrA~P)
to be active as a transcription factor. CtrA levels and its phosphorylation state are regulated
by the asymmetry determination module (Figures 1b and 2a), which implements either a
CtrA activation or CtrA degradation cascade depending on inputs from the compartment-
sensing and the polar scaffolding spatial regulators (Figures 1b and 2a) [26]. Thus, upon
compartmentalization of the predivisional cell, CtrA drives asymmetry by remaining
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phosphorylated and active in the swarmer compartment while being dephosphorylated and
degraded in the stalked compartment [27] (Figure 2b).

The asymmetry determination module is composed of two protein signaling pathways
differentially localized to the two cell poles in predivisional cells (Figure 2a). This
differential localization is mediated by a distinct set of scaffolds at each cell pole (Figures 1b
and 2a). The CtrA activation pathway is localized to the new pole primarily through
interactions with the polar scaffolding protein PodJ [28,29] and to a lesser extent with TipN
[22,23]. Meanwhile, the lysozyme-like factor SpmX localizes the histidine kinase DivJ at the
old pole, activating the CtrA degradation pathway [30]. In addition, the self-assembling
pole-organizing protein PopZ, that is localized at one pole in the swarmer cell and both poles
following the differentiation of the swarmer cell into the stalked cell, is critical for the
differential localization members of both pathways to their corresponding poles [31].

A linchpin of the asymmetry determination module is the bifunctional hybrid histidine
kinase CckA [32]. When stimulated as a kinase, CckA autophosphorylates and transfers its
phosphate to the phosphotransfer protein ChpT [32-34], which in turn passes the phosphate
to either CtrA, resulting in its activation, or to CpdR, resulting in inhibition of CtrA
degradation (Figure 2a). When CckA is stimulated as a phosphatase, phosphory! groups are
siphoned back from CtrA through ChpT to CckA, where they are hydrolyzed. This reverse
process inhibits the activation of CtrA and promotes CtrA degradation by shutting off the
flow of phosphate to CpdR. Thus, the dual functions of CckA act as a switch between either
executing CtrA activation or promoting CtrA degradation.

The function of CckA is regulated both in space and time via the composition of the pole it
resides in, as well as via an interface with members of the compartment-sensing proteins
DivK and PleD. First, CckA is primarily delocalized in swarmer cells, is localized to the
stalked pole in some stalked cells, and subsequently localized either to both poles or only at
the swarmer pole in predivisional cells [35,36]. Accumulation of CckA at the new cell pole,
mediated by the pseudokinase DivL, promotes kinase activity in the swarmer compartment
[37°,38] (Figure 2a). Second, DivK, when phosphorylated, binds to DivL, and this DivL-
DivK~P complex can inhibit CckA kinase activity [39,40°]. PleD, when phosphorylated,
synthesizes cyclic-di-GMP (cdG), which can bind CckA and inhibit its kinase activity [37°,
41°]. The levels of DivK~P and PleD~P are modulated by the swarmer fate determinant PleC
and the stalked fate determinant DivJ (Figure 2a). In predivisional cells, DivJ is activated,
perhaps indirectly, by KidO (in addition to KidO’s previously described role in regulating
FtsZ polymerization) [12], phosphorylates DivK and PleD, and elevates cdG levels
specifically in the stalked compartment. PleC dephosphorylates DivK~P and PleD~P,
permitting the activity of CckA in the swarmer compartment [42-45]. Notably, PleD is one
of eight diguanylate cyclases in C. crescentus [45], but it has been shown to be a critical
contributor to cdG levels at the stage of predivisional compartmentalization [44,45]. Upon
swarmer to stalked differentiation, DivJ replaces PleC at the stalked pole, allowing for a
surge in DivK~P and cdG that triggers the clearing of CtrA. Thus, CckA integrates
information about the progression of assembly of the CtrA activation pathway and of
cellular compartmentalization to regulate the phosphorylation state and stability of CtrA.
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The AAA+ protease ClpXP degrades CtrA in a cell cycle dependent manner. In all bacteria,
ClpXP uses adaptor accessory factors to modulate its substrate specificity [46]. In C.
crescentus, ClpXP targets more than 30 proteins for degradation [47], including KidO,
Gdhz, and FtsZ, as described above. In the case of CtrA, it has been shown that CpdR is a
required adaptor for CtrA degradation /n vivo [48]. Notably, /n vitro, the ClpXP recognition
degradation tag at the C-terminus of free CtrA molecules is sufficient for its efficient
degradation. However, two additional adaptors, RcdA and the cdG receptor PopA, are
required for degradation of CtrA when bound to the chromosome [49,50], the relevant /n
vivo state of CtrA in G1—S and S—G2 transitions. The compartment-sensing module
coordinates the availability of these three adaptors, in a hierarchical manner, to bind ClpXP
at the right time and place [51°*°]. In late predivisional cells, ClpXP localizes to midcell,
where it degrades FtsZ, leading to closure of the inner membrane [52] (Figure 2b). Closing
of the inner membrane stimulates deactivation of CckA as a kinase in the stalked
compartment, shutting off the flow of phosphate to CpdR. When unphosphorylated, CpdR is
localized to the stalked pole, together with ClpXP, by an unknown factor (Figure 2b). The
localized CpdR/ClpXP complex leads to the degradation of the phosphodiesterase PdeA
[53,54]. Degradation of PdeA in turn promotes the accumulation of cdG, allowing for
binding of RcdA and PopA-cdG to the degradation complex, finally allowing for the
degradation of CtrA (Figure 2b).

dynamics: coupling cell division and cell cycle state

C. crescentus builds a single flagellum at the new cell pole of predivisional cells. This
assembly process remarkably coordinates the construction of an approximately 50-protein
machine following two principles: (i) just-in-time synthesis, in which proteins are made only
when needed, and (ii) an inside-out assembly in which the envelope components are inserted
ahead of the external parts [55]. Despite the apparent complexity of this assembly;, its
spatiotemporal coordination with cell cycle progression is regulated by a small number of
factors. Temporal coordination is achieved by an interface to the genetic circuit (via the
global regulator GerA and its reactivation of CtrA in late S-phase), and its spatial
coordination results from an interface with the compartment-sensing component (via cdG
levels) and an interface to the cell division machinery (via FtsZ and TipN) (Figure 3a).

Temporally, activation of CtrA~P during late S-phase initiates flagellum assembly by
inducing transcription of genes that compose the flagellum base (Class Il genes, Figure 3).
Expression of Class Il genes is repressed by SciP [56,57], ensuring that the flagellar base is
made only once. Class Il genes include, in addition to structural genes, three transcriptional
regulators: the RNA polymerase sigma subunit 4, the o®4-dependent transcriptional
activator FIbD, and its regulator FliX [55]. These three proteins work together to regulate the
ordered expression of class Il and class 1V genes that code for the basal body, the hook, and
the filament. The system is tuned to prevent the expression of later flagellar parts until
completion of assembly of the earlier substructures [55,58,59]. Some class IV flagellin
genes are under the direct control of CtrA~P and are not expressed together with class 11
genes because they are repressed by MucR1/2 (Figure 1) [60"]. Thus, the activation of
CtrA~P in the swarmer compartment sets off a self-propagating cascade of transcriptional
events to direct ordered flagellum assembly.
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Spatially, the localization of TipN to the Z-ring during cell division ultimately marks the
flagellum assembly site at the new cell pole (Figure 3). At the new pole, TipN recruits the
cdG binding protein TipF, which in turn seeds the assembly of several factors involved in
flagellar positioning and basal body building [22,61°]. Deletion of #jpF results in non-
flagellated cells, while deletion of #p/N results in multiple, misplaced flagella [22]. TipF
protein levels rise concurrently with CtrA, in early predivisional cells, immediately
preceding production of the basal flagellar components (Figure 3).

Flagellum assembly also responds to the spatial and temporal fluctuations of cdG, as cdG
frequently regulates changes in motility state throughout bacteria [62]. TipF directly binds to
cdG in late S-phase, when cdG levels are still high, enabling the TipF-cdG complex to bind
TipN [61°]. When cdG levels drop in the swarmer compartment, TipF can no longer bind the
ligand, releasing TipN and leading to TipF proteolysis. Thus, the drop in cdG levels resets
the flagellar polarity cascade for the next cell cycle. Upon differentiation of the swarmer cell
into a stalked cell, new DivJ synthesis enables activation of PleD and an increase in cdG.
The elevated cdG concentration in late G1 and S phases is required for flagellum ejection
[63] and eventually for the positioning of a new complement of TipF. In the absence of p/eD,
the majority of cells have a flagellum at the stalked pole, indicating that the flagellum was
not ejected [63], while constitutive PleD activity interferes with motility [64].

Concluding remarks

Establishment of cellular polarity requires spatial coordination of multiple cellular
processes. The asymmetric division of C. crescentus requires oscillating cell-type specific
gene expression programs. In addition to temporal coordination by a master genetic circuit,
C. crescentus implements an efficient intracellular compass composed of mechanisms for
coordinating cell polarity, sequestering cell fate factors, and establishing intracellular
concentration gradients of proteins. The progress in our understanding of these phenomena
highlights promising directions for future study, including how cells achieve high temporal
resolution of gene expression through combinatorial transcriptional regulation and how
multi-input and dual-function proteins can coordinate distinct cellular pathways.
Understanding the spatial mechanisms coordinating these processes at a single-cell and
detailed molecular level presents an exciting and challenging new frontier for systems
biology.
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Figurel.
C. crescentus cell cycle control architecture. (a) The C. crescentus cell cycle can be viewed

as a set of cellular modules (blue box), coordinated spatially (brown box) and temporally
(green box). Top panel, Spatial Control. The swarmer cell has a single polar flagellum. The
phosphatase PleC (orange) is localized at the flagellar pole. The swarmer cell begins to
differentiate into a stalked cell. PleC becomes diffuse and is replaced at the differentiating
pole with the kinase DivJ (blue). Activation of DivJ leads to the initiation of DNA
replication. During this differentiation period, ejection of the flagellum permits construction
of a stalk at the same cell pole. Chromosome replication and segregation then proceed
simultaneously as the cell grows into a predivisional state. During this time, the cell begins
assembling the cytokinesis machinery, whose core is the polymerizing GTPase FtsZ, at
midcell (green). At the new cell pole, the de novo construction of a single flagellum occurs
concurrently with the assembly of a set of scaffolding and signaling proteins, including
PleC. As chromosome replication completes, the FtsZ *Z-ring’ constricts and disassembles,
closing the inner membrane and separating the cytoplasm into two compartments.
Cytoplasmic compartmentalization sequesters multiple signaling factors, including PleC at
the new pole and DivJ at the old pole, enabling each chamber to initiate divergent genetic
programs before full separation of the daughter cells. The cell type-specific presence of the
master regulator CtrA, a downstream target of DivJ and PleC activity, is shown in grayscale
to represent its abundance over the course of the cell cycle. Middle panel, Cellular Modules.
Specific cell cycle events are shown as ‘Cellular Modules.” Seven cellular modules are
highlighted here; many more exist and have been omitted for clarity. Bottom panel,
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Temporal Control. Black bars indicate the abundance time period across the cell cycle for
the master regulators DnaA, CcrM, GcrA, CtrA, SciP and MucR1/MucR2. Following cell
division, the black top half of the bar reflects levels in the swarmer progeny and the black
lower half of the bar reflects levels in the stalked progeny. Note that all master regulators
except for MucR1/MucR2 are under cell cycle transcriptional control. (b) A temporally
controlled transcription circuit (green) interfaces with spatially resolved signaling
mechanisms (brown) to coordinate modular cellular processes (blue). Arrows indicate the
connection between the modules and the proteins at the interface. Five cellular modules are
highlighted here; many more exist and have been omitted for clarity. The genetic circuit
guides the timing of expression of genes in all five modules. The activation and inhibition
relationships between DnaA, CcrM, GcrA, CtrA, SciP, and MucR1/2 are illustrated. Spatial
control results from the differential localization of distinct scaffolding proteins, which
localize signaling proteins to the cell poles to generate cellular compartment-specific
signaling states. Members of the compartment-sensing component (single domain response
regulator DivK and diguanylate cyclase PleD) are modulated by two membrane histidine
kinases PleC and DivJ, that act as swarmer and stalked cell determinants, respectively, each
residing in a different pole. The compartment-sensing component modulates the localization
of the flagellum and the stalk and also provides inputs for the asymmetry determination
module. Proteins involved in the asymmetry determination module are shown in Figure 2a.
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Figure2.
Regulation of CtrA levels and activity. (a) A more detailed pathway diagram of the

regulatory network driving CtrA activation (orange) and CtrA degradation (blue), which was
simplified in Figure 1a. Highlighted in brown: polar scaffolds PodJ and SpmX and the
compartment-sensors PleD and DivK. The members of the pathways communicate via
activation, inhibition, synthesis (of cdG), localization, transcriptional control (by CtrA and
TacA), and degradation (by ClpXP and PdeA). Different arrowheads represent these distinct
communication modes. (b) Snapshots of CIpXP dependent proteolysis as a function of cell
cycle progression. Dark gray boxes represent active signaling function; white boxes
represent a lack of activity. Divided boxes represent compartment-specific activity. Top:
approximately 90 minutes into the cell cycle, ClpXP (purple and brown) degrades FtsZ
(green) at the division plane. PleC phosphatase activity maintains low cdG levels and high
CckA activity. High CckA activity maintains high CpdR~P levels, the inactive form. Middle:
once compartmentalization completes, PleC is no longer present in the stalked compartment,
deactivating CckA and promoting unphosphorylated CpdR (light brown) specifically in the
stalked compartment. Unphosphorylated CpdR localizes ClpXP to the stalked pole and
promotes degradation of the cdG phosphodiesterase, PdeA (dark blue). Bottom: once PdeA
is degraded, cdG levels can rise again in the stalked compartment, allowing PopA to bind
cdG and, with RcdA (light brown), direct CtrA (gray) to ClpXP for degradation.
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Figure 3.
Regulation of flagellum assembly and ejection. Top panel, Spatial Control. A diagram of the

C. crescentus cell cycle highlights proteins that spatially regulate flagellum assembly and
ejection. The distributions of FtsZ (green), cdG (brown), PleD (light blue), TipF (dark blue),
and TipN (red) are shown throughout the cell cycle. The swarmer cell, with low cdG, has no
TipF, as TipF is degraded when not bound to cdG. Upon differentiation and rising levels of
cdG, TipF begins to accumulate with TipN at the new pole. TipF accumulation at the new
pole permits recruitment of the initial flagellar base components. Z-ring assembly in early
predivisional cells eventually leads to a relocalization of TipN and TipF at the division plane,
defining the future ‘new poles’ for the incipient daughter cells; concurrently, the cascade
leading to assembly of a new flagellum continues. Constriction of the Z-ring generates two
separate cellular compartments. In the swarmer compartment, cdG levels decrease again,
leading to degradation of TipF. FtsZ is also degraded as the cells prepare to separate. PleD
does not localize to the cell poles when unphosphorylated and inactive. Middle panel,
Cellular Modules. Events leading to flagellum assembly and ejection are highlighted. Lower
panel, Temporal Control. Black bars indicate the abundance time period across the cell cycle
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for the flagellar regulators CtrA, GerA, SciP and FIbD, with split white bars representing the
lack of a factor in the nascent swarmer (top) or stalked (bottom) cell compartment.
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