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The Type IV pilus (T4P) is a powerful and sophisticated
bacterial nanomachine involved in numerous cellular
processes, including adhesion, DNA uptake and motility.
Aside from the well-described subtype T4aP of the Gram-
negative genera, including Myxococcus, Pseudomonas and
Neisseria, the Tad (tight adherence) pilus secretion system re-
shuffles homologous parts from other secretion systems along
with uncharacterized components into a new type of protein
translocation apparatus. A representative of the Tad
apparatus, the Caulobacter crescentus pilus assembly (Cpa)
machine is built exclusively at the newborn cell pole once per
cell cycle. Recent comprehensive genetic analyses unearthed
a myriad of spatiotemporal determinants acting on the Tad/
Cpa system, many of which are conserved in other
a-proteobacteria, including obligate intracellular pathogens
and symbionts.
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Introduction

Biological nanomachines are assembled from dissimilar
subunits in tight temporal order and often at precise
subcellular locations [1,2]. Bacterial pili are ubiquitous
fibrillary organelles of major clinical importance as they
are involved in a myriad of cellular processes such as
adhesion, non-flagellar (gliding or twitching) motility,
DNA uptake and biofilm formation [3-6]. The pilus
secretion apparatus is an envelope-spanning structure.
An assembly platform embedded in the cytoplasmic
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membrane polymerizes a filament from pilin subunits
that traverses the cell wall (peptidoglycan, PG) layer
and that protrudes the outer membrane of diderm
(Gram-negative) bacteria via a (gated) pore [7°°]. As
the spatiotemporal regulation of most pilus systems is
still poorly understood, we review here recent insight
revealing how the Tad/Cpa piliation system of the free-
living Gram-negative a-proteobacterium Caulobacter cres-
centus is regulated in time and space.

The C. crescentus paradigm

C. crescentus is the preeminent model system for bacte-
rial cell cycle and cell polarity studies. The crescent-
shaped predivisional cell is polarized, featuring a fla-
gellum and T'ad/Cpa secretion machine at the newborn
pole and a cylindrical extension of the cell envelope
(the stalk) at the old cell pole [8-10]. Upon cytokinesis
two distinct daughter cells emerge, a motile swarmer
(SW) cell and a sessile stalked (ST) cell with an adhe-
sive holdfast at the tip of the stalk. The SW cell
harbours a flagellar filament and several pili secreted
by the flagellar type III and Tad/Cpa system, respec-
tively, at the same pole (Figure 1a). While the SW cell
lacks replication competence [11], the ST cell initiates
replication of the circular chromosome and proceeds to
cell division (Figure 1a). Coincident with the assembly
of the cytokinetic apparatus, the flagellar and Tad
secretion machines are built opposite the stalk. The
non-replicative (G1-like) state is transient and its dura-
tion is dictated by the regulated synthesis and degra-
dation of key cell cycle factors that reprogram transcrip-
tion. The G1l-phase transcriptional state is induced by
the transcription factor CtrA in SW cells, while the S-
phase program is implemented by the transcriptional
regulator GerA in ST cells (see below) [12]. The
G1 — S (CurA — GerA) transcriptional  switch  also
accompanies the remodelling of the cell poles: the
flagellum is shed, pili are lost and a stalk is subse-
quently elaborated from the denuded cell pole. New
flagellar and Tad/Cpa secretion components [9,13] are
synthesized and the corresponding export machineries
are assembled at the newborn pole opposite the stalk
later in S-phase when CtrA reaccumulates. However,
pili are only elaborated coincident with cell separation
in the SW cell progeny, but rarely during the predivi-
sional cell phase [8,14,15].
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Tad pilus structure and conservation in a-proteobacteria. (a) Schematic of the C. crescentus cell cycle. The bacterium exhibits a dimorphic life
cycle giving rise to two progeny cells with distinct sizes and fates. The smaller swarmer (SW) cell harbours pili and a flagellum at the same pole.
This motile SW cell is temporarily arrested in a quiescent G1-like phase, unable to initiate replication or to divide, and must differentiate into the
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The components of the Tad/Cpa system

The Tad/Cpa secretion system plays a role in biofilm
formation, pathogenesis, adhesion or natural transforma-
tion in different bacterial lineages [16,17,18°%19]
(Figure 1b,c). Despite its abundance (425 Tad/Cpa sys-
tems encoded in 323 genomes [6]), it is less well-studied
than other secretion systems. Phylogenetically, it shares
similarities with the Type II secretion system, Type IV
secretion and T4P subunits [6]. However, several of its
components do not have counterparts in other secretion
systems, pointing to a distinct molecular ancestry and
likely differences in the assembly process. The core
components of the Tad/Cpa-dependent piliation system
(Figure 1b) are usually encoded within one genetic clus-
ter [6], but trans-encoded accessory factors serve to regu-
late the system in time and space (Figure 2a).

The TadA/CpaF ATPase is predicted to couple ATP
hydrolysis to the secretion of pilus components, while
T'adB/CpaG and TadC/CpaH are two putative scaffolding
factors in the inner (cytoplasmic) membrane [20,21]
(Figure 1b). By contrast, TadZ/CpaE is a cytoplasmic
protein that associates peripherally with the membrane-
anchored Tad/Cpa machine (Figure 1b). TadZ/CpaE
features a proline-rich N-terminal domain followed by
an atypical domain resembling response regulator recei-
vers, an ATPase domain with a deviant Walker A motif
[2,22] and finally a C-terminal amphipathic helix that
promotes peripheral interactions with the cytoplasmic
membrane [23°]. The ATP-bound state of TadZ/CpaE
is thought to mediate its dimerization [24°] and functional
fluorescent protein fusions to TadZ/CpaE revealed that it
is polarly localized. This localization occurs independently
of other known T'ad/Cpa factors [9,23°,25], consistent with
the notion that other deviant Walker A-type ATPases
direct the spatial organization of protein and protein-
DNA complexes in other bacteria [2,22]. Indeed, TadZ/
CpaE is required for the assembly of the polar RepA/CpaC
secretion channel in the C. c¢rescentus outer membrane
[9,25] and for efficient polar localization of TadA/CpaF
in Aggregatibacter actinomycetemcomitans [23°]. Thus, this
cytoplasmic factor represents the first milestone of pilus
biogenesis within the T'ad/Cpa system which, akin to the
construction of other trans-envelope complexes [1], seems
to follow an inside-out assembly path.
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A second striking feature of the Tad/Cpa pilus is the fact
that Flp/PilA (pre)pilins form a unique monophyletic
clade in the Type IVb prepilin family [8,26]. Flp/PilA
prepilins are inserted into the cytoplasmic membrane,
matured by the TadV/CpaA peptidase [27] and elabo-
rated as (often bundled) polymeric pilin fibers through
the RepA/CpaC secretion channel (Figure 1b) [28]. Cells
lacking CpaC are unable to display pili on the surface [8]
even though they accumulate PilA [9]. The TadE/Cpa]
and TadF/CpaK pseudopilins, that are likely also pro-
cessed by TadV/CpaAs, are required for pilin extrusion
from the cell surface [29°], but they are not major con-
stituents of the pilus fiber [8,27]. The cytoplasmic mem-
brane protein TadG/Cpal. likely mediates protein—pro-
tein interactions between the polymerized pilin fiber and
a component of the cell envelope, possibly connecting
the pilus to the PG [30]. While no function can be
predicted for the other Tad/Cpa proteins, it is notewor-
thy that the zad/cpa clusters do not encode orthologs of
the retraction ATPase from canonical T4Ps, although a
recent report shows that C. ¢rescentus pili retract [31°°].
Moreover, fad/cpa does not encode a recognizable PG
hydrolase that could clear the PG locally to permit the
assembly of a trans-envelope structure [32], suggesting
that a trans-encoded hydrolase executes this task (see
below).

Two polar localization pathways for pilus
biogenesis

C. crescentus pili are the principal receptor sites for the
virulent caulophage CbK (¢CbK) [8,33°] (Figure 1d), a
characteristic that was exploited in genetic screens for
pilus mutants by selection for survival in the presence of
¢CbK. These mutants not only revealed the 7ad/cpa gene
cluster, but also the genes for trans-encoded spatio-tem-
poral regulators of piliation [8,29°,34°,35-39] (Figure 2a).
Subsequent mutational analyses showed the existence of
at least two pathways directing the assembly of the polar
RcpA/CpaC secretion channel (Figure 2b).

Pod], a bitopic and bifunctional membrane protein that
features an N-terminal (cytoplasmic) coiled-coil domain
and a predicted (periplasmic) PG-binding domain at
the C-terminus, is required for the early stages of pilus
assembly [35]. Pod] is synthesized and accumulates in

(Figure 1 Legend Continued) replicative stalked cell (ST) for entry into S-phase and to proceed to division. During the G1 — S transition, SW cells
shed their flagellum and retract their pili before they elaborate a stalk appendage tipped by holdfast from the denuded pole. (b) Predictive
structure and function of the Tad/Cpa secretion system. This model is adapted from [16] and based on homologues of Tad proteins with those in
other bacterial and archaeal systems. Tad/Rcp and equivalent Cpa names are indicated. IM, inner (cytoplasmic) membrane; OM, outer membrane;
PG, peptidoglycan. (c) The phylogenetic tree (adapted from [12,64]) shows the presence (coloured boxes) or absence (open boxes) of genes
predicted to encode orthologs for pilus structural components (PilA and CpaA-L/O; linear violet stain), polar determinants (CpaM, ZitP, PodJ and
PopZ; radial gold stain), and master cell regulators (CtrA and GcrA; red-green and dark blue, respectively). BLASTP searches were used to
determine the distribution of all proteins in the same selected a-proteobacterial dataset. The corresponding Cpa and Tad nomenclatures and
predicted functions are indicated. (d) Indirect visualization of polar pili in C. crescentus wild-type cells exposed to the pilus-specific bacteriophage
¢CbK and imaged by transmission electron microscopy (TEM) following uranyl acetate staining [15]. Open arrows point to tufts of polar phage,
filled arrows to a single phage particle. Flagella are marked by small filled arrowheads.
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The C. crescentus cell cycle transcriptional regulatory network orchestrates Cpa machinery synthesis and assembly. (a) Operon structure of
the genes implicated in assembly or polar localization of the Cpa secretion system. Bent and grey arrows indicate identified promoters and operon
structures, respectively [52,65]. Promoter occupancy by the regulators is depicted by a coloured circle based on published ChIP-Seq data (GcrA
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early S-phase [25,40,41,42°]. It localizes to the pole
opposite the stalk [25,40] where it subsequently
recruits the TadZ/CpaE cytoplasmic factor (whose syn-
thesis occurs after Pod]) [25] (Figure 2b). In the
absence of Pod], CpaE remains dispersed and since
polar CpaE is required for the assembly of the polar
CpaC secretion channel, Pod] mutants also cannot
assemble pili and a polar CpaC complex [25]. Simulta-
neously, Pod] also directs the assembly of the secretion
machinery for the adhesive holdfast at the newborn
pole [43].

Recently, a second pilus localization pathway converging
on CpaC was eclucidated [34°]. In this pathway
the bifunctional ZitP protein acts via the CpaM protein
[34°] (Figure 2b) to orchestrate polar pilus biogenesis.
ZitP is a bitopic membrane protein with an N-terminal
zinc-finger domain and a C-terminal Domain of
Unknown Function (DUF3426) that is required for pilus
assembly [34°]. Expression of ZitP is genetically coordi-
nated with Pod] in early S-phase (Figure 2b,c). ZitP is
polarly localized and required to recruit the polysaccha-
ride deacetylase homolog CpaM into a complex at the
newborn pole [34°]. CpaM, in turn, is synthesized after
ZitP, but concomitantly with CpaE (Figure 2¢) [34°].
Cells lacking either CpaM or ZitP are unable to export
the PilA/Flp pilin and do not assemble a proper CpaC/
RcpA complex [34°]. Thus, two polarity proteins synthe-
sized in early S-phase, ZitP and Pod], are each required
for the localization of two downstream pilus assembly
factors, CpaM and CpakE, that are expressed later in the
cell cycle and that are required for the formation of a
multimeric CpaC channel (Figure 2b,c). Interestingly,
while the two pathways converge on CpaC, they do
not appear to affect each other’s localization [34°], that
is, CpaM is still polarly localized in the absence of
Pod] and, conversely, CpaE is still polarized in cells
lacking ZitP.

Many of the genera encoding a near complete Tad/Cpa
gene cluster also have a ¢paM ortholog (Figure 1c¢), sug-
gesting that the function of CpaM in Tad assembly is also
a feature of other Tad systems. Since CpaM resembles
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sugar deacetylases, it is conceivable that its function is to
locally deacetylate a structure in the periplasm (for exam-
ple PG, lipids or protein) to permit the assembly of the
CpaC channel exclusively at the newborn pole. Interest-
ingly, a sugar deacetylase is known to affect the adhesive
properties of the C. crescentus holdfast [44] and de-acety-
lation of PG can influence the susceptibility to different

PG hydrolases [45].

It is unknown if additional control mechanisms act on the
ZitP-CpaM system, but dedicated localization determi-
nants exist. Structural analysis by NMR revealed that the
cytoplasmic N-terminal region of ZitP folds into a zinc-
finger domain (ZnR) fold [46°°] and that this zinc-bound
ZnR complex (ZnReZn**) interacts directly with the
conserved polar matrix protein PopZ [47,48]. While the
integrity of the zinc-binding architecture is required for
the interaction with PopZ, it is dispensable for pilus
assembly and polar localization of CpaM [34°,46°°]. It
is evident that the global polarity network of PopZ that
affects diverse traits of polarity such as stalk biogenesis
[47,48], also extends to the ZitP pilus assembly factor.
Nevertheless, PopZ is not necessary for pilus biogenesis
in C. crescentus and it is also dispensable for the polar
recruitment of CpaM [34°].

How Pod] and ZitP affect CpaC assembly is unknown.
Since the functional domains in Pod] and ZitP that are
required for pilus biogenesis reside in the periplasm, it is
possible that they influence the assembly of the pilus
secretion channel, possibly via the putative PG hydro-
lase PleA [49] (Figure 2a,b). Although PleA is required
for the biogenesis of pili and the flagellum [36,50], it is
unknown whether it has PG hydrolase activity iz vitro or
whether it can function as activator of PG hydrolases
[51]. A possible role of PleA as PG hydrolase is plausible
since it harbours a Lytic Transglycosylase (I.'T) and
Goose Egg White Lysozyme (GEWL) domain and since
it is required for the assembly of the CpaC channel at
the cell pole as well as for external flagellar structures
[49]. Moreover, PleA accumulation is restricted to late S-
phase at the same time when CpaC and CpaM synthesis
occurs [42°,49].

(Figure 2 Legend Continued) [53°°,56°]; CtrA, SciP and MucR [52,57°°,58°]) or in vitro electrophoretic mobility shift assays (DnaA [66]). CcrM
(m6A-methylation) data are determined by ChIP-Seq analysis [54°] and global methylome analysis [67°]. (b) Sequence of pilus protein localization
and pilus assembly during the cell cycle. The scheme below the panel shows the corresponding time in the cell cycle when the target promoters
or each module fire. The fluctuation of transcripts from these target genes during the cell cycle as determined by microarray and RNA-seq
analysis [13,52,68,69]. IM, inner membrane; OM, outer membrane; PG, peptidoglycan. (c) Representation of the genetic regulatory modular
network controlling cell cycle transcription in C. crescentus (adapted from [12]) and focused on the pilus localization and architectural genes.
GcerA/CerM (boxed in blue; * indicates m6A methylation mark introduced by CcrM at GANTC motifs), CtrA/SciP (boxed in green; P- represents the
phosphorylation activation of CtrA by the CckA/ChpT phosphorelay) and CtrA/MucR (boxed in red) transcriptional modules control sequential
waves of transcription in S-phase, G2-phase and G1-phase, respectively. For each module, a list of validated target genes was generated from
the same ChlP-seq, microarray and RNA-seq datasets. This genetic regulatory network is also synchronized with the upper scheme in panel in
(b). DnaA control at the gcrA and podJ promoters is depicted as dotted lines because the binding of DnaA at these promoters has only been
demonstrated in vitro, but not yet in vivo [66]. Based on recent cpaM, cpaB-H and pleA expression data [56°], it is possible that a first pulse in
promoter activation is provided by GcrA/CcrM and then maximally reinforced by CtrA-dependent activation. Such two-step activation might
explain why the first expression occurs coincident with GerA but peaks later, typical of CtrA-dependent transcriptional activation.
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Cell cycle-dependent synthesis of pilus
proteins

The synchronizability of C. crescentus provides an excel-
lent system to explore the temporal control of piliation as
a function of the bacterial cell cycle (Figure 2b,c). Cell
cycle-controlled transcription is executed by at least three
conserved transcriptional modules in which pairs of antag-
onistic regulatory proteins activate sequentially the pro-
moters of S-phase, G2-phase and G1-phase genes [12].
These six DNA-binding global regulators also target
various promoters of the ¢pa genes and/or the aforemen-
tioned trans-encoded pilus factors [13,52,42°] (Figure 2c¢).

Concomitant with the G1 — S transition and the initiation
of DNA replication by the DnaA initiator protein,
the GerA transcription factor accumulates in early ST
(S-phase) cells [39] and activates transcription from many
S-phase promoters such as popZ, pod] and =zitP. The
expression of these polar landmark factors by GerA
[13,34°42°52,53°°,54°] triggers an early polar differentia-
tion cascade that is required to install pili at this site [25,40].
Interestingly, GerA-dependent activation also requires the
CcrM  adenine methyltransferase [53°°,54°,55,56°] that
introduces methylation marks at the N6-position of ade-
nine (m6A) in the context of 5-GANTC-3’ sequences
during the previous cell cycle (G2-phase). These m6A-
marked GANTC sequences overlap the site in the pro-
moter that GerA binds to and enhance GerA’s affinity for
target promoters [53°°,54°,55,56°]. In the absence of GcrA,
CcrM has a negative effect on the activity of these pro-
moters [53°°], presumably through its association with
GANTC sequences at these promoters.

Further illustrating the inter-connectivity between the
cell cycle transcriptional modules, the GerA-CerM regu-
latory pair also concurrently activates the P7 promoter of
the CtrA-encoding gene. CtrA is an OmpR-like response
regulator that is activated by phosphorylation and that
targets the promoters of G2-phase and G1-phase genes
[13,42°,57°°]. CtrA is also a negative regulator of replica-
tion initiation, ensuring that chromosome replication
does not occur prematurely in G1-phase daughter cells
[11,37,58]. Interestingly, CtrA binds and activates the
promoter regions of ¢pa genes ( pilA, cpal, cpaB-H, cpal,
cpal/K and ¢paO) (Figure 2a) as well as the promoters of
the trans-encoded pleA and c¢paM genes [8,57°°,59°].
Although CtrA binds these promoters, they do not all
fire at the same time presumably because different
negative regulators (either SciP or MucR, see below,
Figure 2a,c) act on them. Indeed, global mRNA
steady-state analyses revealed that these transcripts peak
at different times in the cell cycle [13,57°°]. The ¢paM
and pleA transcripts as well as the ¢paB-H operon peak
first (late S-phase), followed by the ¢paA, cpal, cpal/K and
¢paO transcripts in late S-/G2-phase [42°] before cell
division has been completed. Finally, as the predivisional
cell has been compartmentalized, the pz/A transcript

accumulates and is maintained in the G1-phase progeny
[8,14,42°,57°°].

The negative regulator SciP, a helix—turn—helix domain
protein that is only present in Gl-phase [57°°,60,61],
targets the CtrA-activated promoters of G2-phase genes.
In vivo, SciP associates with the promoters of ¢paA, cpal,
¢pa0, as well as with the promoter regions of ¢paB-H,
cpaM and pleA (Figure 2a) [57°°]. At the end of the G2-
phase, the pilus secretion apparatus is fully assembled at
the future piliated pole, while awaiting the accumulation
of the PilA pilin [8,9]. For the induction of p#/A transcrip-
tion in Gl-phase, the direct negative regulation by the
MucR (mucoidy regulator) repressor that keeps this and
other promoters in the inactive state must be overcome
[57°°,62]. How this occurs is unclear [62], but it may
involve local changes in promoter architecture or differ-
ential activities in CtrA/MucR during the cell cycle. In
fact, the histidine kinases PleC and Div] or other factors
such as the bifunctional regulator KidO can modulate the
level of CtrA phosphorylation [15]. In contrast to SciP
(whose expression is directly repressed by MucR [57°°]),
MucR abundance does not fluctuate during the cell cycle
[57°°]. The fact that premature assembly of pili in pre-
divisional cells can be induced simply by transcribing pz/A
from a constitutive promoter (P,,.) [8] or by inactivating
KidO [15] attests the strict temporal control of PilA
expression and pilus assembly.

Concluding remarks

Apart from the obligate intracellular rickettsial lineage,
the zad/cpa pilus system is broadly conserved in a-pro-
teobacterial genomes (Figure 1c¢) and was also shown to
be required for piliation in the rhizobial lineage [18°].
Moreover, transcriptional analysis in synchronized Sinor-
hizobium meliloti cells revealed that at least one out of the
three redundant fad/cpa systems (cpaA1-D1/F1) is also cell
cycle-regulated [63°°]. The fact that many of the trans-
encoded piliation factors are also conserved raises the
possibility that their spatiotemporal action on the Cpa/
Tad system is not restricted to the Caulobacter genus.

It is unclear why two independent and converging path-
ways are required — Pod]-CpaE and ZitP-CpaM — to
promote the assembly of the CpaC (RcpA) pilus secretion
channel and the subsequent pilin (PilA/Flp) export at the
newborn cell pole. It suggests that CpaC assembly is a
major milestone in pilus biogenesis that must be carefully
regulated, perhaps because an outer membrane channel
that is prematurely active is potentially dangerous. Inter-
estingly, there are also many different checkpoints that
operate in the flagellar assembly pathway to ensure the
sequential construction of individual substructures of a
complex nanomachine [1]. Since Pod] and ZitP are also
bifunctional proteins that control other aspects of mor-
phogenesis and/or the C. ¢rescentus developmental cycle,
the Pod]/CpaE and ZitP/CpaM pathways allow for
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coordination of pilus assembly with other cell cycle-
controlled events. Such coordination is further ensured
by the genetically wired transcriptional control circuitry
(Figure 2c¢). Future work is thus aimed at understanding
how the transcriptional switches are triggered and
how the new pole is identified by polarity systems such
as Pod]-CpaE and ZitP-CpaM systems to enable the
subsequent localized assembly of the pilus secretion
machinery.

Conflict of interest
The authors declare no conflict of interest.

Acknowledgement

Funding support is from the Swiss National Science Foundation
31003A_162716 (to PHV).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
e of special interest

1. Chevance FF, Hughes KT: Coordinating assembly of a bacterial
macromolecular machine. Nat Rev Microbiol 2008, 6:455-465.

2. Kirkpatrick CL, Viollier PH: Poles apart: prokaryotic polar
organelles and their spatial regulation. Cold Spring Harb
Perspect Biol 2011, 3.

3. Costa TR et al.: Secretion systems in Gram-negative bacteria:
structural and mechanistic insights. Nat Rev Microbiol 2015,
13:343-359.

4. Melville S, Craig L: Type IV pili in Gram-positive bacteria.
Microbiol Mol Biol Rev 2013, 77:323-341.

5. Craig L, Pique ME, Tainer JA: Type IV pilus structure and
bacterial pathogenicity. Nat Rev Microbiol 2004, 2:363-378.

6. Abby SS et al.: Identification of protein secretion systems in
bacterial genomes. Sci Rep 2016, 6:23080.

7. Chang YW et al.: Architecture of the type IVa pilus machine.

ee Science 2016, 351:aad2001.

In situ high resolution structure of the type IVa pilus machine from
Myxococcus xanthus determined by electron-cryotomography.

8. Skerker JM, Shapiro L: Identification and cell cycle control of a
novel pilus system in Caulobacter crescentus. EMBO J 2000,
19:3223-3234.

9. Viollier PH, Sternheim N, Shapiro L: A dynamically localized
histidine kinase controls the asymmetric distribution of polar
pili proteins. EMBO J 2002, 21:4420-4428.

10. Skerker JM, Laub MT: Cell-cycle progression and the
generation of asymmetry in Caulobacter crescentus. Nat Rev
Microbiol 2004, 2:325-337.

11. Marczynski GT, Shapiro L: Control of chromosome replication
in Caulobacter crescentus. Annu Rev Microbiol 2002, 56:
625-656.

12. Panis G, Murray SR, Viollier PH: Versatility of global
transcriptional regulators in alpha-Proteobacteria: from
essential cell cycle control to ancillary functions. FEMS
Microbiol Rev 2015, 39:120-133.

13. Laub MT et al.: Global analysis of the genetic network
controlling a bacterial cell cycle. Science 2000, 290:2144-2148.

14. Sommer JM, Newton A: Sequential regulation of developmental
events during polar morphogenesis in Caulobacter
crescentus: assembly of pili on swarmer cells requires cell
separation. J Bacteriol 1988, 170:409-415.

Caulobacrer polar piliation Mignolet, Panis and Viollier 85

15. Radhakrishnan SK, Pritchard S, Viollier PH: Coupling prokaryotic
cell fate and division control with a bifunctional and oscillating
oxidoreductase homolog. Dev Cell 2010, 18:90-101.

16. Tomich M, Planet PJ, Figurski DH: The tad locus: postcards from
the widespread colonization island. Nat Rev Microbiol 2007,
5:363-375.

17. Berry JL, Pelicic V: Exceptionally widespread nanomachines
composed of type IV pilins: the prokaryotic Swiss Army knives.
FEMS Microbiol Rev 2015, 39:134-154.

18. Wang Y, Haitiema CH, Fuqua C: The Ctp type IVb pilus locus of

e  Agrobacterium tumefaciens directs formation of the common
pili and contributes to reversible surface attachment. J
Bacteriol 2014, 196:2979-2988.

Genetic analysis of tad/cpa piliation genes in Agrobacterium tumefaciens

and their role in biofilm formation.

19. Entcheva-Dimitrov P, Spormann AM: Dynamics and control of
biofilms of the oligotrophic bacterium Caulobacter
crescentus. J Bacteriol 2004, 186:8254-8266.

20. Bhattacharjee MK et al.: Nonspecific adherence and fibril
biogenesis by Actinobacillus actinomycetemcomitans: TadA
protein is an ATPase. J Bacteriol 2001, 183:5927-5936.

21. Crowther LJ et al.: The ATPase activity of BfpD is greatly
enhanced by zinc and allosteric interactions with other Bfp
proteins. J Biol Chem 2005, 280:24839-24848.

22. Lutkenhaus J: The ParA/MinD family puts things in their place.
Trends Microbiol 2012, 20:411-418.

23. Perez-Cheeks BA et al.: The product of tadZ, a new member of

. the parA/minD superfamily, localizes to a pole in
Aggregatibacter actinomycetemcomitans. Mol Microbiol 2012,
83:694-711.

Localization studies of TadZ/CpaE from Aggregatibacter actinomyce-

temcomitans shows that it is polarized and required a C-terminal amphi-

pathic helix for membrane association.

24. Xu Q et al.: Structure of the pilus assembly protein TadZ from

e  Eubacterium rectale: implications for polar localization. Mo/
Microbiol 2012, 83:712-727.

X-ray structure of TadZ/CpakE identifies a possible protein—protein bind-

ing surface found in another polarly localized protein.

25. Viollier PH, Sternheim N, Shapiro L: Identification of a
localization factor for the polar positioning of bacterial
structural and regulatory proteins. Proc Nat/ Acad Sci U S A
2002, 99:13831-13836.

26. Kachlany SC et al.: flp-1, the first representative of a new pilin
gene subfamily, is required for non-specific adherence of
Actinobacillus actinomycetemcomitans. Mol Microbiol 2001,
40:542-554.

27. Tomich M, Fine DH, Figurski DH: The TadV protein of
Actinobacillus actinomycetemcomitans is a novel aspartic acid
prepilin peptidase required for maturation of the Fip1 pilin and
TadE and TadF pseudopilins. J Bacteriol 2006, 188:6899-6914.

28. Haase EM, Zmuda JL, Scannapieco FA: Identification and
molecular analysis of rough-colony-specific outer membrane
proteins of Actinobacillus actinomycetemcomitans. Infect
Immun 1999, 67:2901-2908.

29. Christen M et al.: Quantitative selection analysis of

e bacteriophage CbK susceptibility in Caulobacter crescentus.
J Mol Biol 2015, 428(Part B):419-430.

High-throughput transposon insertion site sequencing (Tn-Seq) in Cau-

lobacter crescentus cells exposed to the pilus-specific bacteriophage

¢CbK suggests novel trans-encoded factors controlling pilus biogenesis.

30. Wang Y, Chen C: Mutation analysis of the flp operon in
Actinobacillus actinomycetemcomitans. Gene 2005, 351:61-71.

31. Ellison CK et al.: Obstruction of pilus retraction stimulates

ee bacterial surface sensing. Science 2017, 358:535-538.
Demonstrates that pili are retractable and act in mechanosensation in
Caulobacter crescentus.

32. Dijkstra Ad, Keck W: Peptidoglycan as a barrier to
transenvelope transport. J Bacteriol 1996, 178:5555-5562.

www.sciencedirect.com

Current Opinion in Microbiology 2018, 42:79-86


http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0345
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0345
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0350
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0350
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0350
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0355
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0355
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0355
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0360
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0360
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0365
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0365
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0370
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0370
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0375
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0375
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0380
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0380
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0380
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0385
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0385
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0385
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0390
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0390
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0390
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0395
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0395
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0395
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0400
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0400
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0400
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0400
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0405
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0405
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0410
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0410
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0410
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0410
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0415
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0415
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0415
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0420
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0420
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0420
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0425
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0425
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0425
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0430
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0430
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0430
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0430
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0435
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0435
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0435
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0440
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0440
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0440
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0445
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0445
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0445
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0450
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0450
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0455
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0455
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0455
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0455
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0460
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0460
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0460
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0465
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0465
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0465
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0465
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0470
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0470
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0470
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0470
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0475
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0475
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0475
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0475
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0480
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0480
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0480
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0480
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0485
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0485
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0485
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0490
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0490
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref1111
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref1111
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0495
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0495

86 Cell regulation

33. Guerrero-Ferreira RC et al.: Alternative mechanism for

¢ bacteriophage adsorption to the motile bacterium
Caulobacter crescentus. Proc Natl Acad Sci U S A 2011,
108:9963-9968.

34. Mignolet J et al.: Functional dichotomy and distinct nanoscale

e assemblies of a cell cycle-controlled bipolar zinc-finger
regulator. Elife 2016:5.

Identification of ZitP as a bifunctional polarized protein controlling pilus

biogenesis via localization of the CpaM assembly factor in Caulobacter

crescentus.

35. Wang SP et al.: A histidine protein kinase is involved in polar
organelle development in Caulobacter crescentus. Proc Nat/
Acad Sci U S A 19983, 90:630-634.

36. Johnson RC, Ely B: Analysis of nonmotile mutants of the
dimorphic bacterium Caulobacter crescentus. J Bacteriol
1979, 137:627-634.

37. Quon KC, Marczynski GT, Shapiro L: Cell cycle control by an
essential bacterial two-component signal transduction
protein. Cell 1996, 84:83-93.

38. Jacobs C et al.: Cell cycle-dependent polar localization of an
essential bacterial histidine kinase that controls DNA
replication and cell division. Cell 1999, 97:111-120.

39. Holtzendorff J et al.: Oscillating global regulators control the
genetic circuit driving a bacterial cell cycle. Science 2004,
304:983-987.

40. Hinz AJ et al.: The Caulobacter crescentus polar organelle
development protein PodJ is differentially localized and is
required for polar targeting of the PleC development regulator.
Mol Microbiol 2003, 47:929-941.

41. Crymes WB Jr, Zhang D, Ely B: Regulation of podJ expression
during the Caulobacter crescentus cell cycle. J Bacteriol 1999,
181:3967-3973.

42. Schrader JM et al.: Dynamic translation regulation in

. Caulobacter cell cycle control. Proc Nat/ Acad Sci U S A 2016,
113:E6859-E6867.

Comprehensive analysis of transcript abundance with and without ribo-

some association during the Caulobacter crescentus cell cycle.

43. Hardy GG et al.: A localized multimeric anchor attaches the
Caulobacter holdfast to the cell pole. Mol Microbiol 2010,
76:409-427.

44. Wan Z et al.: The adhesive and cohesive properties of a
bacterial polysaccharide adhesin are modulated by a
deacetylase. Mol Microbiol 2013, 88:486-500.

45. Moynihan PJ, Sychantha D, Clarke AJ: Chemical biology of
peptidoglycan acetylation and deacetylation. Bioorg Chem
2014, 54:44-50.

46. Bergé M et al.: Modularity and determinants of a (bi-)

ee polarization control system from free-living and obligate
intracellular bacteria. Elife 2016, 5.

Identification and molecular dissection of a conserved interaction

between the ZitP zinc-finger domain and the PopZ polarity hub in

Caulobacter crescentus and with rickettsial orthologs.

47. Bowman GR et al.: A polymeric protein anchors the
chromosomal origin/ParB complex at a bacterial cell pole. Cell
2008, 134:945-955.

48. Ebersbach G et al.: A self-associating protein critical for
chromosome attachment, division, and polar organization in
Caulobacter. Cell 2008, 134:956-968.

49. Viollier PH, Shapiro L: A lytic transglycosylase homologue,
PleA, is required for the assembly of pili and the flagellum at
the Caulobacter crescentus cell pole. Mol Microbiol 2003,
49:331-345.

50. Sommer JM, Newton A: Turning off flagellum rotation requires
the pleiotropic gene pleD: pleA, pleC, and pleD define two
morphogenic pathways in Caulobacter crescentus. J Bacteriol
1989, 171:392-401.

51. Uehara T et al.: Daughter cell separation is controlled by
cytokinetic ring-activated cell wall hydrolysis. EMBO J 2010,
29:1412-1422.

52. Zhou B et al.: The global regulatory architecture of
transcription during the Caulobacter cell cycle. PLoS Genet
2015, 11:e1004831.

53. Murray SM et al.: Computational and genetic reduction of a cell

ee cycle to its simplest, primordial components. PLoS Biol 2014,
11:21001749.

Functional and computational analysis of the GcrA transcription factor in

Caulobacter cell cycle progression and its requirement for morphogen-

esis including expressing of PodJ.

54. Fioravanti A et al.: DNA binding of the cell cycle transcriptional

e regulator GerA depends on N6-adenosine methylation in
Caulobacter crescentus and other Alphaproteobacteria. PLoS
Genet 2013, 9:e1003541.

First study showing that Caulobacter GcrA is a DNA-binding protein that

interacts preferentially with methylated target promoters in vivo and in vitro.

55. Gonzalez D et al.: The functions of DNA methylation by CcrM in
Caulobacter crescentus: a global approach. Nucleic Acids Res
2014.

56. Haakonsen DL, Yuan AH, Laub MT: The bacterial cell cycle

e regulator GerA is a sigma70 cofactor that drives gene
expression from a subset of methylated promoters. Genes Dev
2015, 29:2272-2286.

Identification of a sigma70 interacting domain in Caulobacter GerA.

57. Fumeaux C et al.: Cell cycle transition from S-phase to G1 in

ee Caulobacter is mediated by ancestral virulence regulators. Nat
Commun 2014, 5:4081.

Identification of MucR and SciP as negative regulators of G1-phase and

G2-phase genes, respectively.

58. Quon KC et al.: Negative control of bacterial DNA replication by
a cell cycle regulatory protein that binds at the chromosome
origin. Proc Nat/ Acad Sci U S A 1998, 95:120-125.

59. Fiebig A et al.: A cell cycle and nutritional checkpoint

. controlling bacterial surface adhesion. PLoS Genet 2014, 10:
e1004101.

First comprehensive analysis of the Caulobacter CtrA regulon as revealed

by chromatin-immunoprecipitation coupled to deep sequencing.

60. Gora KG et al.: A cell-type-specific protein—-protein interaction
modulates transcriptional activity of a master regulator in
Caulobacter crescentus. Mol Cell 2010, 39:455-467.

61. Tan MH et al.: An essential transcription factor, SciP, enhances
robustness of Caulobacter cell cycle regulation. Proc Nat/ Acad
Sci U S A 2010, 107:18985-18990.

62. Ardissone S et al.: Cell cycle constraints and environmental
control of local DNA hypomethylation in alpha-Proteobacteria.
PLoS Genet 2016, 12:e1006499.

63. De Nisco NJ et al.: Global analysis of cell cycle gene expression

ee of the legume symbiont Sinorhizobium meliloti. Proc Nat/ Acad
Sci U S A 2014, 111:3217-3224.

Cell cycle transcript analysis of synchronized Sinorhizobium meliloti cells.

64. BrilliM et al.: The diversity and evolution of cell cycle regulation
in alpha-proteobacteria: a comparative genomic analysis.
BMC Syst Biol 2010, 4:52.

65. Schrader JM et al.: The coding and noncoding architecture of
the Caulobacter crescentus genome. PLoS Genet 2014, 10:
e1004463.

66. Hottes AK, Shapiro L, McAdams HH: DnaA coordinates
replication initiation and cell cycle transcription in
Caulobacter crescentus. Mol Microbiol 2005, 58:1340-1353.

67. Kozdon JB et al.: Global methylation state at base-pair

e resolution of the Caulobacter genome throughout the cell
cycle. Proc Natl Acad Sci U S A 2013, 110:E4658-E4667.

Cell cycle analysis of adenine methylation of the entire Caulobacter

genome.

68. Fang G et al.: Transcriptomic and phylogenetic analysis of a
bacterial cell cycle reveals strong associations between gene
co-expression and evolution. BMC Genomics 2013, 14:450.

69. McGrath PT et al.: High-throughput identification of
transcription start sites, conserved promoter motifs and
predicted regulons. Nat Biotechnol 2007, 25:584-592.

Current Opinion in Microbiology 2018, 42:79-86

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0500
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0500
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0500
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0500
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0505
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0505
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0505
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0510
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0510
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0510
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0515
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0515
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0515
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0520
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0520
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0520
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0525
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0525
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0525
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0530
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0530
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0530
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0535
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0535
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0535
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0535
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0540
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0540
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0540
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0545
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0545
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0545
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0550
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0550
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0550
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0555
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0555
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0555
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0560
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0560
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0560
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0565
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0565
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0565
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0570
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0570
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0570
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0575
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0575
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0575
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0580
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0580
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0580
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0580
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0585
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0585
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0585
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0585
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0590
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0590
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0590
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0595
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0595
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0595
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0600
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0600
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0600
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0605
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0605
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0605
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0605
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0610
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0610
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0610
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0615
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0615
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0615
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0615
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0620
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0620
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0620
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0625
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0625
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0625
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0630
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0630
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0630
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0635
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0635
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0635
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0640
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0640
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0640
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0645
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0645
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0645
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0650
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0650
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0650
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0655
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0655
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0655
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0660
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0660
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0660
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0665
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0665
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0665
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0670
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0670
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0670
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0675
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0675
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0675
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0680
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0680
http://refhub.elsevier.com/S1369-5274(17)30147-9/sbref0680

	More than a Tad: spatiotemporal control of Caulobacter pili
	Introduction
	The C. crescentus paradigm
	The components of the Tad/Cpa system
	Two polar localization pathways for pilus biogenesis
	Cell cycle-dependent synthesis of pilus proteins
	Concluding remarks
	Conflict of interest
	References and recommended reading
	Acknowledgement


