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Each cell division in Caulobacter crescentus is asym-
metric, yielding a swarmer cell with several polar pili
and a non-piliated stalked cell. To identify factors con-
tributing to the asymmetric biogenesis of polar pili,
cytological studies of pilus assembly components were
performed. We show here that the CpaC protein,
which is thought to form the outer membrane pilus
secretion channel, and its assembly factor, CpaE, are
localized to the cell pole prior to the polymerization of
the pilus filament. We demonstrate that the PleC
histidine kinase, a two-component signal transduction
protein shown previously to localize to the piliated cell
pole before and during pilus assembly, controls the
accumulation of the pilin subunit, PilA. Using an inac-
tive form of PleC (PleCH610A) that lacks the catalytic
histidine residue, we provide evidence that PleC activ-
ity is responsible for the asymmetric distribution of
CpaE and itself to only one of the two cell poles. Thus,
a polar signal transduction protein controls its own
asymmetric location as well as that of a factor assem-
bling a polar organelle.
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Introduction

Asymmetric cell division is a fundamental biological
mechanism by which both eukaryotes and prokaryotes
give rise to genetically identical daughter cells that
perform different functions and often have distinct
morphologies (Jacobs and Shapiro, 1998; Shapiro and
Losick, 2000; Knoblich, 2001). The elucidation of this
process is facilitated by the study of proteins assembling
into daughter cell-specific morphological structures and
their regulators.

The dimorphic bacterium Caulobacter crescentus under-
goes an asymmetric cell division, yielding a motile swarmer
cell and a sessile stalked cell. These two cell types differ by
the presence of distinct polar organelles and by their ability
to initiate DNA replication (Jensen et al., 2002). The larger
stalked cell is replication proficient and therefore function-
ally analogous to eukaryotic S-phase cells (S). It bears the
stalk, a cylindrical extension of the cell envelope, at one of
its poles. The smaller swarmer cell is characterized by the
presence of a single polar flagellum and several polar pili at
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the same pole and its inability to initiate DNA replication.
By this criterion swarmer cells correspond to G-phase cells.
The DNA replication block is relieved only once the
obligate differentiation step into a stalked cell (reflecting the
G,-S transition) has occurred, a step that is accompanied by
the release of the flagellum and the loss of polar pili.

Caulobacter crescentus pili are extracellular surface
appendages that are polymerized from a processed pilin
subunit (PilA) into a filament 1-4 wm in length and ~4 nm
in diameter (Skerker and Shapiro, 2000). It is believed that
the pilus filament is anchored in the inner membrane,
spans the periplasm and exits through an outer membrane
channel (Russel, 1998; Soto and Hultgren, 1999).
Caulobacter crescentus pili serve as receptor sites for
the DNA bacteriophage ¢CbK. This property has been
used as a screen for the isolation of a cluster of genes, all of
which are required for Caulobacter pilus assembly
(cpaA-F, Figure 1A) (Skerker and Shapiro, 2000).
Several Cpa proteins are homologs of those required for
the formation of polar pili in other bacteria, such as
Pseudomonas aeruginosa and Myxococcus xanthus (Lory,
1998; Wall and Kaiser, 1999; Skerker and Shapiro, 2000;
Sandkvist, 2001). These include CpaA, a homologue of
pre-pilin peptidases, which process immature pilin into its
mature form; CpaF, a putative ATPase that could provide
the energy for pilus assembly; and CpaC, a homologue of
secretins, which assemble into a multimeric secretion
channel in the outer membrane (Bitter et al., 1998; Russel,
1998; Marciano et al., 1999, 2001; Nouwen et al., 1999).
Others, like the pilus assembly factor CpaE, that are not
represented in the pilus biogenesis machinery of
P.aeruginosa and M.xanthus, are of unknown biochemical
function. CpaE lacks a signal sequence and predicted
membrane-spanning regions, suggesting that it may asso-
ciate peripherally with the cytoplasmic side of the inner
membrane (Skerker and Shapiro, 2000).

Differential biogenesis of polar pili during the
C.crescentus cell cycle facilitates the study of both the
spatial determinants directing pilus assembly at the cell
pole and temporal control mechanisms that restrict pili to
the swarmer cell (Sommer and Newton, 1988; Skerker and
Shapiro, 2000; Jensen et al., 2002). Genome-wide analysis
of gene expression performed during the Caulobacter cell
cycle using DNA microarrays, revealed a strict temporal
order of transcription of pilA—cpaF (Laub et al., 2000).
Transcription of cpaB—F is induced first in the late
predivisional cell, followed by cpaA transcription and
then pilA, in dividing cells and progeny swarmer cells. The
timing of pilus assembly can be shifted from the swarmer
cell stage to the predivisional cell stage by transcribing
pilA from a constitutive promoter, suggesting that tem-
poral regulation of pilA transcription prevents premature
assembly of pili in predivisional cells (Skerker and
Shapiro, 2000).
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Fig. 1. Cell cycle-dependent accumulation of pilus assembly proteins.
(A) Genetic organization of the pilA—cpaF locus. Filled colored boxes
indicate genes relevant for this study (pilA, black; cpaC, magenta and
cpaE, blue). The perpendicular arrow in front of pilA indicates the loca-
tion of the pilA transcriptional start site (Skerker and Shapiro, 2000).
Horizontal arrows denote the orientation of the genes. The three small
black boxes represent the regions upstream of pilA that have been foot-
printed by CtrA~P (dashed arrows) (Skerker and Shapiro, 2000). The
perpendicular arrows in front of cpaA and cpaB indicate other putative
promoters in the pilA—cpaF cluster (Laub et al., 2000). (B) Steady-state
level of pilus assembly proteins during the cell cycle. Samples of equal
volume were collected from a synchronized culture every 20 min, sub-
jected to SDS-PAGE and immunoanalysis. The top panel shows a
schematic drawing of the cell cycle stage at which the samples were
collected. The middle panel shows the quantified graphs of PilA
(black), CpaE (blue) and the PleC (gold) steady-state levels during the
cell cycle. Inmunoblots are shown in the lower panel. The CtrA immu-
noblots serve as a control for the cell cycle (Domian et al., 1997).

A gene identified as a temperature-sensitive mutant
conferring resistance to ¢CbK was shown to encode an
essential two-component response regulator, CtrA, that
coordinates cell cycle progression with polar morphogen-
esis (Quon et al., 1996). Both microarray analysis and
direct footprinting with CtrA demonstrated that pilA
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transcription is dependent on CtrA (Laub et al., 2000,
2002; Skerker and Shapiro, 2000).

An additional gene identified by mutations conferring
resistance to bacteriophage ¢CbK is pleC, encoding a
sensor histidine kinase (Sommer and Newton, 1989; Wang
et al., 1993). The molecular basis for the pili-less
phenoype of pleC mutants (Sommer and Newton, 1989)
is unknown. An additional phenotype of pleC mutant
strains is the apparent loss of asymmetry. Cell division in
pleC mutants yields two daughter cells that are similar in
size and both bear a paralyzed flagellum, but lack pili at
their poles (Ohta et al., 2000). PleC belongs to a subgroup
of histidine kinases in Caulobacter, coordinating cell cycle
progression and polar morphogenesis, whose polar locali-
zation varies as a function of the cell cycle (Jacobs et al.,
1999; Wheeler and Shapiro, 1999). PleC localizes to the
flagellated pole in predivisional and progeny swarmer
cells, maintaining this location until the swarmer-to-
stalked cell transition, when it is released from the pole
(Wheeler and Shapiro, 1999).

We show here that the CpaE protein, which is required
for pilus assembly, has the same localization pattern as
PleC, and that CpaE is required for the localization of the
secretin CpaC at the pole where it forms a pilus secretion
channel. Our results using a mutant lacking the site of
autophosphorylation in PleC support the interpretation that
the ability of PleC to autophosphorylate is critical for
asymmetric pilus assembly. Not only is active PleC
required for PilA accumulation, but in a strain in which
PleC is present but inactive, CpaE and PleC fail to be
released from the flagellated swarmer cell pole during the
transition to a stalked cell. As a consequence, predivisional
cells are formed in which CpaE and inactive PleC are
symmetrically located at both cell poles. Thus, a polarly
localized signal transduction protein controls the accumu-
lation of the subunit of the pilus filament and coordinates
its own release and that of a pilus assembly factor from the
piliated pole at the G,—S transition.

Results

Expression of pili proteins as a function of the

cell cycle

To study the temporal and spatial determinants of pilus
assembly at the flagellated pole of C.crescentus swarmer
cells, antibodies were raised against the structural subunit
of the pilus filament, PilA, and the CpaC and CpaE
components of the pilus assembly machinery (Figure 1A
and B). Steady-state levels of these proteins were assessed
in synchronized populations by isolating swarmer cells
(G)) and allowing them to proceed through the cell cycle.
Immunoblots of cell samples collected at regular intervals
are shown in Figure 1B. PilA steady-state levels are high in
swarmer cells and decrease after the swarmer-to-stalked
cell (G;-S) transition (60 min). PilA accumulates, again
coincident with cell division, reflecting the time of
induction of pilA transcription (Laub et al., 2000;
Skerker and Shapiro, 2000) and the appearance of pili at
the progeny swarmer cell (Sommer and Newton, 1988;
Skerker and Shapiro, 2000). Previous experiments showed
that constitutive transcription of pilA is not sufficient to
trigger pilus assembly in stalked cells (Skerker and
Shapiro, 2000). These experiments did not reveal whether
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the PilA protein accumulated as a consequence of
constitutive transcription of pilA. The immunoblots in
Figure 1B show that PilA is present in wild-type stalked
cells, even without artificially transcribing pilA. Since
stalked cells are non-piliated, these results indicate that
conditions other than PilA abundance restrict pili assem-
bly to swarmer cells.

Both cpaC and cpaFE are part of a locus required for
polar pilus biogenesis in Caulobacter (Figure 1A)
(Skerker and Shapiro, 2000). CpaC is a member of a
large superfamily of proteins, known as the secretins
(Russel, 1998), that form outer membrane channels for the
export of substrates such as virulence factors, filamentous
phage or assembled pilin subunits (Bitter et al., 1998;
Marciano et al., 1999, 2001; Nouwen et al., 1999).

Immunoblots using an antibody raised against the CpaC
secretin detected two bands in wild-type cell extracts
(Figure 1B), both of which were absent in those from the
AcpaC mutant (Figure 3C). The faster-migrating protein
had an apparent molecular mass of ~50 kDa, the predicted
molecular mass of the CpaC monomer. The other band
migrated with an apparent molecular mass of ~110 kDa
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and is likely to represent a modified form of CpaC
(referred to as CpaC¥*). Secretins can form stable multi-
mers that are not dissociated by boiling and SDS-PAGE
(Nouwen et al., 2000); however, due to their large size,
these aggregates fail to enter the separating gel during
SDS-PAGE and remain in the stacking gel (Hardie et al.,
1996). The ability of CpaC* to enter the separating gels
and its smaller apparent molecular mass are inconsistent
with it representing a secretin-like multimeric aggregate of
the CpaC monomer. Moreover, prior to dissociation the
secretin aggregate is far more abundant than the monomer
(Hardie et al., 1996; Schmidt et al., 2001). Our immuno-
blots show that the CpaC monomer is more abundant than
CpaC* (Figures 1B and 3C). At present the nature of
CpaC* is mysterious and speculative at best, and will be
the subject of future investigations. The steady-state levels
of the two CpaC forms were found to have different
profiles during the cell cycle (Figure 1B). Unlike the CpaC
monomer, which gradually increases concomitant with the
accumulation of biomass, CpaC* is absent in swarmer
cells, begins to increase in abundance at the G;-S
transition, and reaches high levels in predivisional cells,
before decreasing in abundance as the predivisional cells
undergo cell division. CpaE, on the other hand, is highly
abundant in swarmer cells, but decreases in abundance at
the G;-S transition coincident with the loss of pili
(Figure 1B). Thus, the temporal correlation of CpaE
abundance with the piliated swarmer cells and the

Fig. 2. Cell cycle-dependent polar localization of the CpaC outer mem-
brane channel and the CpaE pilus assembly protein. (A) Subcellular
location of CpaC in cells at different stages of the Caulobacter cell
cycle was determined using indirect immunofluorescence microscopy.
Swarmer cells were isolated and allowed to progress synchronously
through the cell cycle. When the cells reached the indicated stages of
the cell cycle (0, 30, 60, 90 or 120 min, as indicated above the images)
the cells were fixed, treated with lysozyme and the subcellular location
of the CpaC outer membrane channel was visualized by indirect immu-
nofluorescence microscopy using affinity-purified CpaC antibodies. A
low level of background intracellular signal was observed with a
AcpaC strain, demonstrating that the polar signal is specific for CpaC
(see Figure 3A). Shown are DAPI-stained images of the chromosomal
DNA in the cells (upper row), immunofluorescence microscopy images
of the cells showing the subcellular locations of CpaC (middle row),
and drawings of the location of CpaC within the cells as magenta dots
(bottom row). The scale bar in (A—C) represents 2 um. Shown under-
neath is a schematic of the location of CpaC during the cell cycle.
(B) Location of CpaC at the swarmer cell pole and the tip of the stalk
in wild-type and AcpaC predivisional cells by immunofluorescence
using affinity-purified CpaC antibody. Cells were processed as in (A),
except that the lysozyme treatment and DAPI staining were omitted.
Shown are images taken by Nomarski differential interference contrast
(DIC) microscopy (upper panel) and by immunofluorescence micro-
scopy (lower panel). The positions of CpaC in the cell on the left are
indicated by arrowheads and in the cell on the right by arrows. The
markings point to the location of CpaC at the swarmer cell pole (white)
and at the tip of the stalk (yellow). The control experiments on the
right show that the polar foci are absent in the AcpaC strain.
(C) Subcellular location of CpaE in cells at different stages of the
Caulobacter cell cycle as determined by direct fluorescence microscopy
in a strain expressing YFP—CpaE. Swarmer cells were isolated and al-
lowed to progress synchronously through the cell cycle. When the cells
reached the indicated stages of the cell cycle (0, 30, 70, 100 or
130 min, as indicated above the images), samples of cells were with-
drawn and placed on a thin layer of agarose, and images were acquired.
Shown are DIC images (top panel), fluorescence images (middle panel)
and schematics (lower panel) of the subcellular location of YFP-CpaE
shown as blue dots. Shown underneath is a schematic of the location of
CpaE during the cell cycle.



predivisional cells that are thought to assemble the pilus
secretion machinery, raises the possibility that CpaE may
determine when and/or where pili are formed.

CpaC and CpakE localize to the site of pilus
assembly in a cell cycle-dependent manner
Pili are assembled at the swarmer cell pole that also bears
the single flagellum and the chemosensory apparatus
(Sommer and Newton, 1988; Alley er al., 1992). To
determine the locations of CpaC and CpaE, we employed
indirect immunfluorescence microscopy of fixed samples
from synchronized cell populations or direct visualization
of YFP-tagged proteins in living cells.

Swarmer cells analyzed by immunofluorescence micro-
scopy using affinity-purified CpaC antibodies yielded
distinct unipolar foci (93/94 cells) (Figure 2A). By the
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time swarmer cells had differentiated into stalked cells
(60 min), the CpaC focus was no longer associated with
the cell periphery as determined by 4’,6-diamidino-2-
phenylindole (DAPI) staining, but lay slightly offset from
the pole. The observation that AcpaC mutant cells were
devoid of foci (Figure 3A), indicates that these signals
were CpaC derived. We considered the possibility that the
foci beyond the cell periphery were located at the tip of the
stalk, which is devoid of DNA and, therefore, not visible
by DAPI staining. Since immunostaining involves per-
meabilizing the cells with lysozyme, resulting in some loss
of integrity, similar experiments were performed with a
modified procedure omitting the lysozyme treatment.
Owing to its location in the outer membrane, CpaC should
still be accessible to the antibody even without lysozyme
treatment. These experiments revealed that in wild-type
predivisional cells with visible stalks, CpaC foci were
located at the tip of the stalk as well as the pole opposite
the stalk (Figure 2B).

As shown in Figure 2A, by the time the cells reached the
predivisional cell stage the distance of the ‘stalked” CpaC
focus had moved further from the cell body, presumably
due to continued elongation of the stalk as the cell cycle
progressed. Concomitantly, in some cells (15/96) a second
CpaC focus appeared at the incipient swarmer pole
opposite the stalked pole. By 120 min most of the late
predivisional cells (53/75) had two CpaC foci, one at the
tip of the stalk and one at the swarmer cell pole
(Figure 2A). Thus, the appearance of the CpaC channel
opposite the stalked pole in late predivisional cells and
swarmer cells is consistent with the time of pilus
biogenesis. The unexpected retention of CpaC at the tip
of the stalk could reflect an additional role, perhaps in the
secretion of a stalk-specific substrate. Alternatively, it
could simply be a consequence of not disassembling the
localized CpaC channels.

Cells in which chromosomal cpaE was replaced by a
functional yfp—cpaFE fusion (see Materials and methods)
were examined by fluorescence microscopy at regular
intervals during a synchronized cell cycle (Figure 2C).
YFP-CpaE was detected as a unipolar focus in swarmer
cells (60/63) that disappeared during the G;-S transition

Fig. 3. CpaE is required for polar localization of CpaC and accumula-
tion of CpaC*. (A) Subcellular localization of CpaC in wild-type,
AcpaC and AcpaE mutant cells determined by indirect immunofluores-
cence microscopy using affinity-purified CpaC antibody as described in
the legend for Figure 2A. Shown are images of DAPI-stained chromo-
somal DNA (upper row), immunofluorescence microscopy images of
the cells showing the subcellular location of CpaC (middle row) and
drawings showing the location of CpaC as magenta dots. The scale bar
in (A) and (B) represents 2 um. (B) Subcellular localization of CpaE in
wild-type and AcpaC mutant cells expressing YFP—CpaE. Shown are
DIC images (top panel), fluorescence images (middle panel) and sche-
matics (lower panel) of the location of YFP-CpaE as blue dots. The
scale bar represents 2 pm. (C) Steady-state levels of proteins required
for pilus assembly (PilA, CpaC*, CpaC, CpaE, the histidine kinase
PleC and CtrA) in wild-type, AcpaC, AcpaE, ApleC and pleC(H610A)
mutant cells as determined by immunoblotting. Note that, unlike in
Figure 1B where the CpaC and CpaC* lanes shown are from the same
exposure, the CpaC and CpaC* lanes in this figure are taken from
shorter exposure of the same blot, in order to demonstrate the differ-
ence in abundance of the CpaC monomer in the AcpaE strain compared
with the wild-type strain, and a longer exposure to visualize CpaC*
appropriately.
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(59/60 cells). By the early predivisional cell stage
(100 min) a fluorescent focus appeared at the incipient
swarmer cell pole (60/66 cells), where it remained during
and after cell division. Thus, as anticipated for components
of the pilus secretion machinery, CpaE and CpaC localize
to the site of pilus assembly in a temporally regulated
manner, preceding the appearance of pili at the swarmer
cell pole.

CpaC localization and modification is dependent
on CpaE

To explore the possibility that CpaE is involved in
controlling the assembly of the CpaC secretion channel
at the swarmer cell pole, we examined the subcellular
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Fig. 4. PleC kinase activity controls its own release and that of CpaE at
the swarmer-to-stalked cell transition. (A) Time-lapse fluorescence
microscopy analysis showing the retention of PleCH610A—-GFP at the
pole and its accumulation at the opposite pole later in the cell cycle in
cells lacking PleC kinase acitivity. PleCH610A-GFP-expressing cells
were placed on a thin layer of M2G agarose and images of the same
cells were acquired every 30 min. Small cells with a single polar
PleC-GFP focus were selected and their progression through the cell
cycle was followed. DIC images (top panel) and fluorescence images
(lower panel) are shown. Arrowheads indicate the position of
PleCH610A—GFP. The black scale bar in (A) and (C) represents 2 pm.
(B) Schematics showing the location of PleC (gold dots), PleCH610A
(gold circles) and CpaE (blue dots) during the cell cycle in wild-type
and various pleC mutant strains. (C) Time-lapse fluorescence micro-
scopy analysis showing the retention of YFP—CpaE at the pole and its
accumulation at the opposite pole later in the cell cycle in cells lacking
PleC kinase activity. YFP—CpaE-expressing cells were placed on a thin
layer of agarose containing nutrients and images of the same cells were
acquired every 45 min. Small cells with a single polar YFP-CpaE
focus were selected and their progression through the cell cycle was
followed. DIC images (top panel) and fluorescence images (lower
panel) are shown. Arrowheads indicate the position of YFP-CpaE.
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location of CpaC in AcpaE mutant cells by immunofluor-
escence microscopy using the affinity-purified CpaC
antibody. As shown in Figure 3A, AcpaE mutant cells
(50/50) are devoid of the polar CpaC foci, suggesting that
CpaC localization requires CpaE. As a control, we show
that AcpaC mutant cells (50/50) lack immunofluorescent
foci in the presence of the CpaC antibody. Fluorescence
microscopy of AcpaC mutant cells harboring a yfp—cpaE
fusion in place of the wild-type version of cpaE revealed
YFP-CpaE foci at the pole opposite the stalk (Figure 3B).
Thus polar localization of CpaE is not dependent on CpaC.

Immunoblot analyses of wild-type cell extracts revealed
the presence of both the CpaC monomer and CpaC*.
However, only the monomeric form of CpaC was detected
in AcpaE extracts (Figure 3C), suggesting that CpaE is
required for the accumulation of CpaC*. The fact that the
CpaC monomers were much more abundant in the AcpaE
strain as opposed to the wild-type strain suggests that the
accumulation of monomers is due to the failure to modify
CpaC monomers into CpaC*.

Together, these results are consistent with the notion
that CpaE is required for the modification and localization
of the CpaC secretion channel at the swarmer cell pole.

The activity of the PleC histidine kinase is required
for PilA accumulation
Strains with loss-of-function mutations in pleC are pili-
less, stalkless and have a non-motile flagellum (Sommer
and Newton, 1989; Wang et al., 1993). To determine the
role of the PleC histidine kinase in the biogenesis of pili at
the swarmer cell pole, we probed immunoblots of cell
extracts from the ApleC mutant with antibodies against
PilA, CpaC and CpaE. Steady-state levels of CpaE,
monomeric CpaC and CpaC* in the ApleC mutant were
comparable to those detected in the wild type (Figure 3C).
However, PilA was absent in this mutant (Figure 3C).
To investigate whether this function of PleC requires its
kinase activity, a mutant pleC allele [pleC(H610A)] was
constructed in which the putative site of autophosphoryla-
tion (H610) was mutated to an alanine residue. Histidine
kinases such as PleC use ATP as a phosphodonor for
autophosphorylation at a conserved histidine residue,
forming a transient phospho-histidine residue. The phos-
phoryl group is then transferred from the phospho-
histidine residue to the aspartate residue in the response
regulator (Parkinson, 1993). Lack of the site of autophos-
phorylation is thought to render the kinase inactive.
Consistent with this notion, strains bearing the
pleC(H610A) allele in place of wild-type pleC displayed
a phenotype (non-motile, stalkless and ¢CbK resistant)
indistinguishable from ApleC strains (Figure 4A and C;
data not shown). Immunoblots of cell extracts from the
pleC(H610A) mutant revealed that PilA accumulation
depends on the ability of PleC to carry out autopho-
sphorylation (Figure 3C).

The activity of the PleC histidine kinase is required
for the loss of itself and CpaE from the flagellated
pole at the swarmer-to-stalked cell transition
Strains with loss of function mutations in pleC form
predivisional cells that are morphologically similar at the
two poles (Ohta et al., 2000). Several two-component
histidine kinases controlling cell cycle progression and/or



polar morphogenesis in Caulobacter, including PleC,
localize to either one or both cell poles in a cell cycle-
dependent manner (Jacobs et al., 1999; Wheeler and
Shapiro, 1999). Consistent with its role in pilus biogenesis
and motility, PleC was shown previously to localize to the
flagellated pole in swarmer cells and predivisional cells
(Wheeler and Shapiro, 1999), and to be released from its
polar location at the G;-S transition (Figure 4B). This
pattern of polar localization is remarkably similar to that
observed for the CpaE pilus assembly protein. Moreover,
immunoblots using an antibody raised against PleC
showed that the reduction in steady-state levels were
similar to those of CpaE (Figure 1B). The increase in PleC
steady-state levels preceded that of CpaE, presumably
reflecting the difference in the timing of transcription
during the cell cycle (Laub et al., 2000).

To explore the relationship between PleC and CpaE
localization, fluorescence microscopy was performed on
ApleC strains bearing a chromosomal yfp—cpaE fusion
replacing wild-type cpaE. Because pleC mutant cells are
stalkless and cannot be synchronized, we followed indi-
vidual cells as they progressed through the cell cycle by
time-lapse fluorescence microscopy (data not shown).
Cells containing a single polar YFP-CpaE focus, retained
the signal at its original location during the entire period.
However, a second focus appeared at the opposite pole in
predivisional cells, giving rise to two daughter cells, each
with a unipolar YFP-CpaE focus. These experiments
suggest that in the absence of PleC, CpaE is not released
from the swarmer cell pole at the G;—S transition. Time-
lapse fluorescence microscopy of a pleC(H610A) strain
containing chromosomal yfp—cpaE in place of the wild-
type cpaE gene showed that, as was the case in the absence
of PleC, PleCH610A is unable to release YFP—CpaE from
the flagellated pole (Figure 4C), yielding predivisional
cells with CpaE foci located at both poles.

To determine whether catalytically inactive PleC retains
the wild-type PleC localization pattern, we observed
PleCH610A-GFP localization (Figure 4A). As is the
case for YFP-CpaE, PleCH610A-GFP is not released
from the swarmer cell pole and bipolar signals were
observed in predivisional cells. The retention of both PleC
and CpaE at the cell pole following the G,—S transition
yields a symmetric predivisional cell, when new PleC and
CpaE are deposited at the opposite incipient swarmer cell
pole. By a process that is dependent on the ability of PleC
to carry out autophosphorylation, PleC triggers the disap-
pearance of two dissimilar proteins from the flagellated
cell pole at the swarmer-to-stalked cell transition. Thus,
PleC determines the subsequent asymmetric distribution
of itself and CpaE in the predivisional cell.

Discussion

The studies reported here on the cascade of events leading
to the asymmetric assembly of polar pili during a bacterial
cell cycle, revealed that the CpaC pilus outer membrane
channel and its assembly factor CpaE, are localized to the
incipient swarmer pole in predivisional cells, prior to the
synthesis and polymerization of the pilin subunit, PilA,
into the pilus filament. Polar localization of CpaC and
CpaE occurred at approximately the same time in the cell
cycle. However, genetic and cytological experiments
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revealed a hitherto unknown CpaE-dependent pathway
for the assembly of the polar CpaC pilus secretion channel
in predivisional cells. In the absence of CpaE, CpaC is
delocalized and pili are not formed, suggesting that
localization of CpaC to the pole is a prerequisite for it to
assemble into a channel competent for pilus assembly.
Thus, CpaE is required for a critical step in channel
assembly by triggering localization of CpaC at the pole.

When pili are lost or retracted at the swarmer-to-stalked
cell transition, CpaE, but not CpaC, is lost from the cell
pole. CpaC retains its original position and, once stalk
growth initiates, is incorporated into the tip of the
elongating stalk. CpaC may be required at this position
for the secretion of a new substrate in stalked cells, after
the pili are lost. The same machinery can be used for pilus
formation and protein secretion in bacteria (Sauvonnet
et al., 2000). Caulobacter crescentus cells bear an
adhesive organelle at the tip of the stalk, the holdfast,
raising the possibility that holdfast components may be
secreted from the CpaC channel located at the tip of the
stalk. However, functional and cytological assays failed to
reveal defects in the holdfast (P.H.Viollier and L.Shapiro,
unpublished data) in the AcpaC mutant, arguing against
this possibility, but not excluding the possibility of
secreting a substrate other than a holdfast component in
stalked cells.

The PleC histidine kinase, which is required for pili
biosynthesis, is also lost from the piliated pole at the
swarmer-to-stalked cell transition (Wheeler and Shapiro,
1999). Using time-lapse fluorescence microscopy, we
showed that swarmer cells with an inactive form of PleC,
PleCH610A, fail to lose CpaE and PleCH610A from the
cell pole, resulting in predivisional cells that are symmet-
ric with respect to the polar location of CpaE and
PleCH610A. Lack of PleC has been shown to result in
cells that are apparently symmetric with respect to the
location of the polar flagellum (Ohta et al., 2000).
Moreover, PleC has been implicated in controlling the
delocalization of the response regulator DivK from the
incipient swarmer cell pole during cell division (Jacobs
et al., 2001). Thus, PleC may serve as a regulator of polar
asymmetry by triggering the pole-specific loss of polar
proteins at specific times in the cell cycle by a signaling
process that is dependent on its ability to autopho-
sphorylate.

Lack of PleC activity also results in the failure to
accumulate PilA, providing an explanation for the pili-less
phenotype of pleC loss-of-function mutants (Sommer and
Newton, 1989). Transcription of pilA is dependent on
CtrA~P (Skerker and Shapiro, 2000), raising the possibil-
ity that in vivo, PleC, like the CckA histidine kinase
(Jacobs et al., 1999), controls the phosphorylation state of
CtrA, perhaps via CckA or a distinct phosphorelay.
However, since the phenotype of the pleC mutant only
partially overlaps with that of ctrA and cckA mutants, PleC
may only be one of several histidine kinases affecting
CtrA~P levels, each of which may act at a distinct phase in
the cell cycle. For example, PleC may act late in the cell
cycle to control CtrA~P levels and therefore pilA
transcription as cells undergo division. The single domain
response regulator DivK lies in the pathway leading to
CtrA phosphorylation (Wu et al., 1998) and the
PleC-dependent release of polar DivK occurs at approxi-
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mately the same time as the PleC-dependent accumulation
of PilA. Moreover, PleC controls the DivK phosphoryl-
ation state in vivo and in vitro (Wu et al., 1998; Wheeler
and Shapiro, 1999), raising the possibility that PleC
regulates PilA accumulation transcriptionally through a
phosphorelay in which the phosphate is passed indirectly
from PleC to CtrA via DivK. However, we cannot exclude
the alternative possibility that PleC controls PilA accu-
mulation via a CtrA-independent pathway.

The regulation of pilin accumulation by a polarly
localized two-component histidine kinase-response
regulator pair is not unprecedented. Expression of the
pilin (encoded by pilA) that is assembled into polar pili in
P.aeruginosa is controlled by the polar histidine kinase
PilS (Boyd, 2000). PilS phosphorylates the response
regulator PilR, which transcriptionally activates pilA
(Boyd et al., 1994). Even though the biological sig-
nificance of localizing the sensor kinase to the pole(s)
remains unresolved, it appears to be a characteristic
feature of histidine kinases required for the assembly of
polar pili.

PleC and PilS both control pilin accumulation and
localize to the pole (Wheeler and Shapiro, 1999; Boyd,
2000). We have discovered an activity of PleC that the
two kinases probably do not share. The Pseudomonas
predivisional cell is not asymmetric with respect to the
polar localization of PilS. Instead, PilS is localized to
both cell poles in the predivisional cell. In Caulobacter,
PleC resides at the piliated pole in swarmer cells and,
later, is released from the pole at the swarmer-to-stalked
cell transition. As a consequence, once new PleC
coalesces at the incipient swarmer cell pole in the
predivisional cell, PleC is asymmetrically located at one
cell pole. Under conditions where PleC is unable to
autophosphorylate at H610, it is located at both cell
poles, suggesting that PleC controls its own asymmetric
location. This same activity of PleC is required for the
release of the pilus assembly protein CpaE. While in
wild-type predivisional cells CpaE is asymmetrically
localized to the incipient swarmer cell pole, in those
lacking PleC kinase activity, CpaE is bipolar due to its
retention at the pole at the swarmer-to-stalked cell
transition. Since our results suggest that both of these
functions of PleC are dependent on its ability to
autophosphorylate, we propose that PleC, in addition
to the phosphorelay acting at cell division for the
accumulation of PilA, also controls a distinct phosphor-
elay at the swarmer-to-stalked cell transition, altering the
phosphorylation state of an unknown response regulator,
which triggers the release of PleC and CpaE. A reason
why PleC is equipped with this activity may lie in the
asymmetric cell division inherent to C.crescentus.
Unlike P.aeruginosa, only one of the two daughter
cells in C.crescentus is piliated. PleC serves to maintain
this asymmetry by releasing critical pilus assembly
proteins, such as CpaE and itself, from the swarmer cell
pole as the swarmer cell differentiates into a stalked cell,
resulting in an asymmetric predivisional cell that divides
into a piliated swarmer cell and a non-piliated stalked
cell. While this hypothesis explains the asymmetric
location of PleC in C.crescentus, the question of how
and why histidine kinases controlling pilin accumulation
are localized to the cell pole remains to be explored.

4426

Materials and methods

Bacterial strains and growth conditions

Escherichia coli strains S17-1, BL21 and DHS50 were grown in
Luria—Bertani medium at 37 or 30°C supplemented with ampicillin
(200 pg/ml), kanamycin (50 pg/ml), tetracycline (12.5 pg/ml), chlor-
amphenicol (30 pug/ml) and a mixture of spectinomycin/streptomycin
(100/50 pg/ml) when required. Wild-type C.crescentus CB15N, CB15
and their derivatives were grown at 28°C in complex (peptone yeast
extract; PYE) or minimal (M2G) medium supplemented with kanamycin
(5 ug/ml) or spectinomycin/streptomycin (30/5 pg/ml) when required.
Synchronization was performed as described (Evinger and Agabian,
1977). Caulobacter strains were grown in M2G for immunoblotting and
fluorescence microscopy experiments.

The ApilA, AcpaC and AcpaFE strains have been described previously
(Skerker and Shapiro, 2000). The strain with an in-frame deletion of pleC
(ApleC) was a gift from Urs Jenal. The AcpaC deletion in CB15 was
constructed as described previously (Skerker and Shapiro, 2000).

The pleC(H610A) strain was made by a two-step process. First, a
ApleC::Q strain was constructed by double crossover using a two-step
sacB counter-selection procedure (Stephens et al., 1996) and pHPV 142,
selecting for spectinomycin/streptomycin resistance. Then, pHPV307
was used to exchange the ApleC::Q allele for pleC(H610A) by double
crossover using the sacB counter-selection procedure by negatively
selecting for the loss of the spectinomycin/streptomycin resistance gene.

The pleC(H610A )—gfp and pleC—gfp strains were made by fusing gfp to
the 3" end of chromosmal pleC(H610A) and wild-type pleC, respectively.
This was accomplished by integration of pHPV290, harboring the pleC 3
end fused to gfp, into the chromosome of the pleC(H610A) or wild-type
strain by a single crossover event. The fact that the pleC—gfp strain had a
wild-type phenotype indicated that PleC—GFP was functional.

The YFP-CpaE-expressing strains were made by replacing the
chromosomal version of cpaFE in wild-type, AcpaC and the ApleC strains
with yfp—cpaFE by the two-step sacB counter-selection procedure using
pHPV227. YFP-CpaE was functional, as indicated by the fact that the
Yfp—cpaE strain was sensitive to ¢CbK.

Plasmid transfer and cloning

Plasmids were mobilized from E.coli S17-1 to C.crescentus by bacterial
conjugation. Recombinant DNA techniques were performed according to
Sambrook et al. (1989). Minipreps and recovery of DNA fragments from
agarose gels were done using the Qiaprep or Qiaquick kits (Qiagen). PCR
amplifications were performed using Pfu Turbo DNA polymerase from
Stratagene. The sequences of all oligonucleotides used are available upon
request.

YFP and GFP fusion plasmids

The plasmid (pHPV227) used to replace the chromosomal version of
cpaE with yfp—cpaE was constructed by fusing a version of yfp lacking
the start and stop codon after the cpaFE start codon. First a ~520 bp
upstream fragment, containing the 3’ end of cpaD and ending after the
start codon of cpaE, was amplified by PCR and cloned as a
HindllI-EcoRV fragment into pNPTS138 (M.R.K.Alley, unpublished
data), yielding pHPV218. A downstream fragment, extending from the
cpak start codon ~570 nt downstream into cpaE, was amplified by PCR
and digested with EcoRI and BamHI. A central fragment containing the
yfp open reading frame, in which the start and stop codon have been
replaced by an in-frame BamHI and EcoRV site, respectively, was
amplified by PCR from pEYFP (Clontech). After restriction enzyme
digestion, the central fragment was triple ligated along with the
downstream fragment via BamHI into EcoRI-EcoRV-restricted
pHPV218, yielding pHPV227.

The plasmid for making chromosmal fusions of gfp to pleC, pHPV290,
is based on pPleC-GFP (Wheeler and Shapiro, 1999). The 3" end of
pleC—gfp was released from pPleC—GFP by digestion with EcoRI and
Xbal and cloned into the suicide vector pNPT228 (M.R.K.Alley,
unpublished data).

pleC disruption and allele replacement plasmids

The pleC disruption plasmid (pHPV142) was constructed by cloning the
pleC gene, isolated from pSCW408 (Wang et al., 1993) by digestion with
Xhol and Hindlll, into Sal/l-HindIll-restricted pNPTS138. The resulting
plasmid (pHPV140) was cut with BamHI, which liberates a 1.6 kb
internal fragment of pleC. The larger fragment containing the vector and
the ends of pleC was gel purified and ligated to the € cassette, harboring



the aadA gene, which confers resistance to spectinomycin/streptomycin.
The resulting plasmid was designated pHPV142.

The pleC(H610A) allele was constructed by PCR using a mutagenic
oligonucleotide (5-GAATTCCTGGCCAACATGTCTGCCGAGCTG-
CGGACACCGCTGAA-3"), in which the histidine codon (CAC) coding
for H610 of PleC is mutated into one coding for alanine (GCC,
underlined), and another oligonucleotide overlapping the stop codon of
pleC. The mutagenic oligonucleotide extends 21 nt upstream of the
histidine codon, where it overlaps with a natural EcoRI site (bold) in pleC.
The amplified fragment was digested with EcoRI and BstEIl, whose
recognition sequence is located 467 nt downstream of the EcoRI site, and
the fragment containing the pleC(H610A) mutation was exchanged for
the wild-type fragment in pHPV 140 using EcoRI-BstEIl. The resulting
plasmid was named pHPV307.

Overexpression plasmids

The CpaE and CpaC overexpression plasmids were constructed by
cloning PCR fragments coding for full-length CpaE and residues 164-560
of CpaC into pET28a (Novagen), yielding pHPV106 and pHPV35,
respectively. The PleC overexpression construct was made by digesting
pSCW408 with EcoRI and HindlIlIl, and ligating the liberated ~810 bp
fragment coding for residues 603-842 of PleC in-frame into pET28a,
yielding pHPV319.

Immunoblots and quantification

Crude extracts (~10 pg) were separated on 10% SDS—polyacrylamide
gels. Proteins were blotted onto polyvinylidene difluoride (PVDF)
membrane (Millipore) in transfer buffer (15 mM Tris, 120 mM glycine,
10% methanol). The membranes were incubated in blocking buffer [TBS
(20 mM Tris—HCI pH 7.6, 130 mM NacCl) containing 5% non-fat dried
milk and 0.1% Tween-20] for 1 h at room temperature. Primary antibody
was added at the appropriate dilutions (o-PilA 1/5000, affinity-purified
a-CpaC 1/2000, a-PleC 1/2000, o-CtrA 1/10 000 and o-CpaE 1/20 000)
to the blocking buffer and incubated with the membrane for 1 h. Unbound
antibody was removed by four 5 min washes in TBS. The membrane was
immersed into blocking buffer containing horseradish peroxidase-
conjugated donkey anti-rabbit IgG (Jackson ImmmunoResearch) at a
dilution of 1/10 000, incubated for 1 h and then washed four times
(5 min) in TBS. Reactive bands were visualized using chemolumines-
cence (Lightning, Perkin Elmer). Immunoblots were performed in
triplicate and quantified using the Imagequant Software (Molecular
Dynamics).

Live cell microscopy
Live cell microscopy with cells expressing GFP or YFP fusion proteins
was performed as described by Jensen et al. (2001).

Immunofluorescence microscopy

For immunofluorescence microscopy, synchronized cells were fixed
using 3% formaldehyde at different stages of the cell cycle. The fixation
solution was removed by filtration. Inmunofluorescence microscopy was
performed as described (Domian et al., 1997). Affinity-purified CpaC
antibodies were used at a 1:200 dilution and FITC-conjugated goat anti-
rabbit secondary antibodies (Jackson ImmunoResearch Laboratories,
Inc.) were used at a 1:200 dilution. Images were processed using
Metamorph (Universal Imaging Corporation) and Photoshop (Adobe).

Antibody production and purification
Escherichia coli BL21(DE3)/pLysS containing a plasmid overexpressing
either CpaC (pHPV35), CpaE (pHPV106) or PleC (pHPV319) was grown
in LB medium supplemented with kanamycin and chloramphenicol
overnight at room temperature. This culture was diluted 50-fold into 1 1 of
the same medium and grown to an ODggo of 0.4 at room temperature.
Synthesis of the recombinant proteins was induced by the addition of
isopropyl-B-D-thiogalactopyranoside (IPTG) to a final concentration of
0.4 mM for 3 h. The cells were harvested by centrifugation, washed once
in TBS and frozen at —70°C. Recombinant proteins were purified by
metal-chelate affinity chromatography using Ni%*-NTA-agarose (Qiagen)
under denaturing conditions using a standard protocol (Qiagen). A total of
2 mg of each purified protein was used to immunize two rabbits
(Covance, Richmond, CA, USA) for the production of polyclonal
antibodies. To raise antibodies against PilA, the rabbits were immunized
with purified pilin filaments (Skerker and Shapiro, 2000).

CpaC antibodies were affinity purified by treating the crude serum with
acetone powders prepared from the AcpaC mutant according to standard
procedures (Sambrook et al., 1989). The acetone powder-treated serum
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was then affinity purified using protein A—agarose (Roche) according to
the manufacturer’s instructions.

The CtrA antibodies have been described previously (Quon et al.,
1996).
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