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Caulobacter crescentus divides asymmetrically into a swarmer cell and a stalked cell, a process that is
governed by the imbalance in phosphorylated levels of the DivK cell fate determinant in the two cellular
compartments. The asymmetric polar localization of the DivJ kinase results in its specific inheritance in the
stalked daughter cell where it phosphorylates DivK. The mechanism for the polar positioning of DivJ is poorly
understood. SpmX, an uncharacterized lysozyme homolog, is shown here to control DivJ localization and
activation. In the absence of SpmX, DivJ is delocalized and dysfunctional, resulting in developmental defects
caused by an insufficiency in phospho-DivK. While SpmX stimulates DivK phosphorylation in the stalked
cell, unphosphorylated DivK in the swarmer cell activates an intricate transcriptional cascade that leads to the
production of the spmX message. This event primes the swarmer cell for the impending transition into a
stalked cell, a transition that is sparked by the abrupt accumulation and localization of SpmX to the future
stalked cell pole. Localized SpmX then recruits and stimulates DivJ, and the resulting phospho-DivK
implements the stalked cell fate. The dynamic interplay between SpmX and DivK is at the heart of the
molecular circuitry that sustains the Caulobacter developmental cycle.
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Asymmetric division is fundamental to differentiation
in eukaryotes and prokaryotes. A signature of this pro-
cess is the generation of an imbalance in the distribution
and/or activity of cell fate determinants in daughter
cells, endowing them with distinctive features (Horvitz
and Herskowitz 1992; Shapiro and Losick 1997). For ex-
ample, in the asymmetric division of Drosophila neuro-
blasts, a protein kinase (aPKC) within the Par complex is
polarized to the apical membrane. This asymmetric dis-
position of aPKC, along with its cell cycle activation,
governs the timely phosphorylation of a cell fate deter-
minant (Lgl) in one of the two daughter cells (Wirtz-Peitz
and Knoblich 2006). A remarkably similar principle op-
erates at the heart of the developmental program that
instructs stem cell-like division in the crescent-shaped
bacterium Caulobacter crescentus (Fig. 1). A protein ki-
nase (DivJ) that is asymmetrically localized and acti-
vated during the cell cycle phosphorylates a cell fate de-

terminant (DivK) specifically in one of the two daughter
cells (Skerker and Laub 2004). Here we describe an un-
characterized muramidase homolog (SpmX) that acts as
spatiotemporal regulator of DivJ and DivK.

The Caulobacter predivisional cell features a cylindri-
cal extension of the cell envelope, the stalk, at the old
cell pole and a rotating flagellum along with the pili
synthetic apparatus at the new pole (Fig. 1A). A stalked
daughter cell that replicates its chromosome and a
swarmer daughter cell that is maintained in a (G1-like)
nonreplicative state are the products of each cell divi-
sion. DivJ is localized to the stalked pole in the predivi-
sional cell (Fig. 1A) and is inherited by the stalked daugh-
ter cell where it phosphorylates DivK, an essential single
domain response regulator. The PleC phosphatase is lo-
calized to the flagellated pole and, directly and possibly
also indirectly, antagonizes DivJ to maintain DivK∼P
levels low in the swarmer cell compartment (Fig. 1A;
Matroule et al. 2004; Skerker and Laub 2004).

DivK implements the fate of the two daughter cells
through CtrA (Fig. 1B; Wu et al. 1998), a DNA-binding
response regulator that is stimulated by phosphorylation
to interact with its target sites (CtrA boxes) (Quon et al.
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1996). The stability and phosphorylation of CtrA are cell
cycle-regulated (Fig. 1A; Domian et al. 1997), and DivK
controls both these events. In the stalked cell, DivK∼P
triggers the removal of phosphorylated CtrA (CtrA∼P)
(Hung and Shapiro 2002; Biondi et al. 2006a; Iniesta et al.
2006). In the swarmer cell, CtrA∼P represses DNA rep-
lication by binding to five target sites within the chro-
mosomal origin of replication (Cori) (Quon et al. 1998).
In addition, CtrA∼P regulates transcription at promoters
of developmental genes, including pilA, which encodes
the structural subunit of the pilus filament that is ex-
truded from the flagellated pole of swarmer cells
(Skerker and Shapiro 2000; Laub et al. 2002). A hallmark
of the Caulobacter division cycle is that the swarmer
cell morphs into a replicative stalked cell in response to
an unknown cell cycle cue. In doing so, a stalk elaborates
from the pole previously vacated by ejecting the flagel-
lum and retracting the pili. Coincident with these mor-

phological changes, CtrA phosphorylation subsides and
the protein is degraded. This relieves repression of Cori
and DNA replication commences in the nascent stalked
cell (Domian et al. 1997), events bearing functional re-
semblance to the eukaryotic G1–S transition.

The inactivation of CtrA∼P is signaled by a surge in
DivK∼P, caused by the abrupt localization and activation
of DivJ at the pole previously occupied by PleC (Fig. 1A;
Wheeler and Shapiro 1999; Hung and Shapiro 2002). Mu-
tations in divJ and divK result in elevated CtrA activity
and aberrant cell division, and a mutation in ctrA can
overcome the requirement of DivK for viability (Wu et
al. 1998; Hung and Shapiro 2002; Pierce et al. 2006). In
the absence of PleC, CtrA∼P levels are reduced, DivK∼P
levels are dramatically elevated, and DivJ is delocalized
yet still able to efficiently phosphorylate DivK (Wheeler
and Shapiro 1999; Biondi et al. 2006a). The finding that
DivK∼P levels are lower, but not higher, in the pleC divJ
double mutant compared with the divJ single mutant
(Wheeler and Shapiro 1999) begs the question of whether
in addition to controlling DivJ localization, PleC plays a
role in preventing precocious activation of DivJ (Fig. 1B).
PleC is know to promote stalk elongation, flagellum ro-
tation, and pilA transcription (Ohta et al. 1992; Wang et
al. 1993; Viollier and Shapiro 2003).

Since the PleC–DivJ–DivK phosphosignaling cascade

Figure 1. Graphical representation of the cell fate regulators in
Caulobacter and the genetic circuit they constitute. (A) Subcel-
lular localization of DivJ, DivK, PleC, and the localization fac-
tors PodJ and SpmX during the Caulobacter asymmetric divi-
sion cycle: SpmX (red dot) localizes to the pole previously oc-
cupied by PleC (green dot), which eventually morphs into the
stalked pole. SpmX recruits DivJ (blue dot), initiating the phos-
phorylation and localization of DivK (yellow), eventually result-
ing in bipolar DivK∼P (yellow dot) in predivisional cells. Predi-
visional cells also display PleC at the flagellated pole. PleC has
been recruited previously to that site by PodJ (purple dot), which
localizes to that pole in late stalked cells (Viollier et al. 2002b;
Hinz et al. 2003). Coincident with the compartmentalization of
the late predivisional cell, localized DivK∼P and diffuse (dephos-
phorylated) DivK are present in the stalked (ST) cell chamber
and the swarmer (SW) cell chamber, respectively. Pili and the
flagellum are indicated by the thin lines (black) and the thick
wavy line, respectively. The circular dashed arrow denotes a
rotating flagellum. The graded black bar indicates the time dur-
ing the cell cycle that CtrA∼P is present. In late predivisional
cells, CtrA∼P accumulates in the swarmer compartment and is
eliminated from the stalked cell compartment. (B) In the
swarmer cell compartment (SW, red), PleC reduces DivK∼P lev-
els by direct dephosphorylation of DivK∼P (rectangular arrow,
event 1) (Matroule et al. 2004), and possibly indirectly by inhib-
iting the DivJ kinase (Sommer and Newton 1991; Wheeler and
Shapiro 1999) by the production of an inhibitor or modulator of
DivJ activity. High levels of DivK∼P inhibit CtrA∼P-mediated
transcriptional activation of tacA and pilA by a mechanism that
is poorly understood (Biondi et al. 2006a). The tacA translation
product along with �54-containing RNA polymerase (E�54) cata-
lyzes transcription of spmX and staR, the gene for a transcrip-
tional regulator of stalk biogenesis (Biondi et al. 2006b). At the
swarmer-to-stalked cell transition, SpmX accumulates to local-
ize and activate DivJ (event 2), thereby producing a surge in
DivK∼P that signals the removal of CtrA∼P by a complex phos-
phosignaling cascade (Biondi et al. 2006a; Iniesta et al. 2006).
This event, coupled with the disappearance of TacA at the
swarmer-to-stalked cell transition (see Fig. 4A), leads to the
shut-down of SpmX transcription in stalked cells (ST, blue). The
dotted lines indicate transcriptional regulation; bold lines indi-
cate the regulation at the level of protein localization or activ-
ity. The black dashed arrow indicates the new connections of
the circuit uncovered herein.
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impinges on motility, we explored if additional compo-
nents of this pathway can be identified in a screen for
motility mutants. Using such a screen (S. Pritchard, D.
Matteson, E. Huitema, S.K. Radhakrishnan, and P.H.
Viollier, in prep.), we here unveil the uncharacterized
muramidase homolog SpmX as a PleC-dependent protein
that promotes localization and activation of DivJ, and
that therefore indirectly stimulates the surge of DivK∼P
at the G1–S transition. We also found that DivK feeds
back on SpmX by way of a transcriptional cascade that
relies on the sequential action of CtrA and the recently
characterized transcriptional activator TacA that directs
stalk elongation at the G1–S interface (Biondi et al.
2006b). We propose that SpmX and DivK represent criti-
cal nodes of the regulatory circuitry that sustains the
Caulobacter asymmetric division cycle.

Results

In the absence of the SpmX muramidase homolog, cell
division is perturbed

To identify additional regulators of DivK, we screened
our comprehensive library of transposon motility mu-
tants for developmental defects by light and transmis-
sion electron microscopy (TEM). Strains NS190 and
NS349 frequently have bipolar stalks and are perturbed
in cell division, a phenotype resembling that of a strain
with a cold-sensitive mutation in divK (divKcs) grown
under permissive conditions (Fig. 2C; Supplemental
Table S1). Moreover, they were found to be flagellated,
but to swim poorly. NS190 and NS349 harbor a Himar1
and an EZ-Tn5 insertion, respectively, in the uncharac-

terized CC2173 gene (henceforth referred to as spmX for
stalked pole muramidase homolog) (Fig. 2A). The spmX
gene encodes a polytopic membrane protein of 431 resi-
dues with two membrane-spanning domains (residues
366–388 and 398–420) near the C terminus and a lyso-
zyme/muramidase-like domain (cd00737; residues
7–143) near the N terminus (Fig. 2A). In lysozyme, this
domain hydrolyzes the �-1,4-glycosidic bond between N-
acetylmuramic acid and N-acetylglucosamine of the pep-
tidoglycan cell wall (Holtje 1996). An in-frame deletion
in spmX (�spmX) (Fig. 2A) gave rise to a motility and
division defect as did the spmX transposon insertions in
strains NS190 and NS349 (Fig. 2B; data not shown).
These results, along with complementation experiments
(see Supplemental Fig. S1), indicate that the observed
defects are due to the loss of SpmX.

SpmX mutant cells have a strong propensity to elon-
gate into either smooth (unconstricted) filamentous cells
or cells with multiple constrictions that are often found
at aberrant positions (Fig. 2D,F,G; Supplemental Fig. S2).
These aberrant divisions likely underlie the occurrence
of minicell-like particles that are occasionally observed
in spmX cultures (Supplemental Fig. S2B). The motility
defect of spmX mutants (Fig. 2B) could be due to ineffi-
cient flagellar rotation or the presence of ectopic flagella
that are often observed at the division plane, where pili
are also located. The abnormal location of these organ-
elles at the division plane can be reconciled with the
observed cell separation defect of �spmX mutants. If sis-
ter cells remain associated with one another and the de-
velopmental program proceeds unhindered, this unsepa-
rated “post-divisional” cell will grow a stalk at each end.
Similarly, pili and flagella will eventually emerge from

Figure 2. A motility mutant screen identifies spmX,
an uncharacterized gene encoding a muramidase homo-
log required for proper cell division. (A) Domain orga-
nization of SpmX showing the predicted transmem-
brane domains (brown), the muramidase domain (yel-
low), the position of the Himar1 (white triangle), and
the EZ-Tn5 (black triangle) insertion in strains NS349
and NS190, respectively. The line below the domain
architecture shows the deleted coding region of the
�spmX strain. (B) Motility assay of NA1000 (wild type),
NS190, NS349, �spmX, �pleC, and �divJ strains. Over-
night cultures (2.5 µL) were placed on PYE swarm
(0.3%) agar plates and incubated for 60 h at 30°C. Mo-
tility defects can be seen as swarms with a compact
appearance, whereas those from wild type are diffuse
and enlarged. (C–G) Transmission electron micrographs
of wild-type (E), �spmX (D,F,G), and divKcs (C) cells
grown at 30°C. Pili (visualized indirectly by staining
with pilus-specific bacteriophage �CbK) and flagella are
indicated by white and black arrows, respectively. Ar-
rowheads indicate bipolar stalks (black) or abnormal
constrictions (white). Bars, ∼200 nm.
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constrictions where functional, albeit physically associ-
ated, poles are located. Based on the results shown be-
low, we propose that the phenotypes of spmX mutants
are primarily due to improper regulation of DivK and
DivJ.

SpmX controls the localization and activity of DivJ
and DivK

The similarity of divKcs and �spmX mutants prompted
us to investigate if SpmX impinges on DivK activity.
Phosphorylation of DivK affects its activity as well as its
ability to localize to the cell poles (Lam et al. 2003). A
low-copy plasmid harboring divK-gfp under the control
of the native divK promoter was transformed into wild-
type and spmX− cells to determine if DivK is localized
and phosphorylated in the absence of SpmX. Live-cell
fluorescence microscopy revealed that, in contrast to the
intense polar foci of DivK-GFP in wild-type cells, only
diffuse fluorescence was observed in cells lacking SpmX
(Fig. 3A; Supplemental Fig. S3A). Immunoblotting using
a DivK-specific antiserum demonstrated that the ab-
sence of SpmX had no impact on DivK or DivK-GFP
steady-state levels (Supplemental Fig. S3B). Thus, SpmX
is required for DivK localization.

To test if SpmX affects DivK phosphorylation, we de-
termined DivK∼P levels in �spmX and �divJ cells rela-
tive to wild-type cells (Fig. 3C). Consistent with previous
results (Wheeler and Shapiro 1999), DivK∼P levels are
severely reduced in �divJ cells, because they lack DivJ,
the principal kinase for DivK (Figs. 1B, 3C). Similarly, in
�spmX cells, DivK∼P levels were 72% lower than in
wild-type cells. This result is consistent with the idea
that inefficient phosphorylation of DivK underlies its in-
ability to localize to the poles of �spmX cells. Moreover,
this result raised the possibility that, akin to divJ muta-
tions, the perturbation in cytokinesis of �spmX cells is a
consequence of low DivK∼P. If so, then a pleC mutation,
which causes a dramatic increase in cellular DivK∼P lev-
els (Wheeler and Shapiro 1999), might ameliorate the
cytokinetic abnormalities by raising DivK∼P levels. Mi-
croscopic examination revealed that �spmX �pleC
double-mutant cells localize DivK-GFP to the cell poles
and have lost the characteristic cell division phenotype
of spmX single mutants (Fig. 3A,B). Instead, the cells had
acquired the hallmarks of �pleC cells (stalkless and pi-
liless) (Fig. 3A; data not shown). The relative levels of
DivK∼P were elevated in �spmX �pleC double-mutant
cells and were comparable with those observed in the
�pleC single mutant (Fig. 3C). To confirm that this
effect was caused by the loss of activity rather than
the physical absence of PleC, we deleted spmX in the
pleC(H610A) strain, in which the pleC gene bears a
point mutation encoding catalytically inactive PleC
(PleCH610A) (Viollier et al. 2002a). The phenotype of the
resulting �spmX pleC(H610A) double mutant was indis-
tinguishable from that of the �spmX �pleC mutant (data
not shown), confirming that the loss PleC activity can
ameliorate the �spmX phenotype.

Histidine kinases like DivJ first undergo a transient

trans-autophosphorylation event at a conserved histi-
dine residue before the phosphate is passed on to a re-
sponse regulator, such as DivK (Stock et al. 1990). Be-
cause the results above suggested that DivJ kinase activ-
ity is compromised in �spmX cells, we measured the
relative levels of autophosphorylated DivJ (DivJ∼P) in
wild-type and �spmX mutant cells. DivJ∼P levels were
dramatically reduced (88%) (Fig. 3D) in �spmX cells
compared with wild-type cells. This result, along with
the requirement of SpmX for efficient DivK phosphory-
lation, indicates that DivJ activity is compromised in the
�spmX mutant. Epistasis experiments provided addi-
tional evidence that SpmX lies in a genetic pathway with
DivJ and DivK. The phenotype of �spmX �divJ double-
mutant cells is indistinguishable from that of the �divJ
single mutant (data not shown), showing that the effects

Figure 3. Localization and in vivo phosphorylation of DivK
and DivJ are impaired in the �spmX mutant. (A,B) Differential
interference contrast (DIC) and fluorescence micrographs of
NA1000, �spmX, and �spmX �pleC cells expressing either
DivK-GFP expressed from a low-copy plasmid (pdivK-gfp) under
the control of the native divK promoter (A) or DivJ-YFP from
the endogenous divJ locus (B). (C) Determination of relative
DivK∼P/DivK levels in NA1000, �spmX, �pleC �spmX, �pleC,
and �divJ cells. (D) Measurement of relative DivJ∼P/DivJ levels
in NA1000 and �spmX cells. Bars, ∼2 µm.
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of �divJ and �spmX deletions, each of which compro-
mise DivK phosphorylation on their own, are not addi-
tive.

Because DivJ is localized to the stalked pole, we tested
the idea that SpmX controls both the polar positioning
and activation of DivJ. Accordingly, we constructed
�spmX strains in which the divJ gene was replaced with
a variant encoding either DivJ-YFP (Fig. 3B) or DivJ-GFP
(Supplemental Fig. S3E) under control of the divJ pro-
moter. Analysis of these strains by fluorescence micros-
copy along with a spmX+ isogenic parent revealed only
diffuse fluorescence in �spmX cells or in �spmX �pleC
cells (Fig. 3B). Immunoblot analysis using antibodies to
DivJ showed DivJ-YFP or DivJ-GFP steady-state levels
were maintained in the �spmX mutant (Supplemental
Fig. S3D,F). Based on these results we conclude that
SpmX is required (1) to direct DivJ to the stalked pole, (2)
to stimulate autophosphorylation of DivJ, and, therefore,
(3) to catalyze efficient phosphotransfer from DivJ to
DivK. Because DivJ kinase activity is dispensable for
DivJ localization to the stalked pole (Lam et al. 2003), we
surmise that the effect of SpmX on DivJ localization is
not a secondary consequence of a primary effect on ki-
nase activity. Instead, we propose that the principal role
of SpmX is to direct DivJ to the stalked pole and to ac-
tivate it upon its recruitment to the cell pole.

SpmX localizes to the nascent stalked pole
during the G1–S transition

To explore if SpmX is localized to the same subcellular
site as DivJ, we visualized SpmX by live-cell fluores-
cence microscopy in cells producing SpmX translation-
ally fused to the C terminus or the N terminus of the red
fluorescent protein mCherry. Strains bearing these
modified alleles in place of wild-type spmX appear phe-
notypically normal as determined by differential inter-
ference contrast (DIC) microscopy, indicating that these
SpmX chimeras are functional. Live-cell fluorescence
microscopy of these strains revealed a bright fluorescent
focus of SpmX-mCherry or mCherry-SpmX at the
stalked pole (Fig. 4B). To corroborate this localization
data, we also visualized SpmX in fixed cells by indirect
immunofluorescence microscopy (IFM) using a poly-
clonal antibody raised against SpmX (Fig. 4C). Unipolar
foci derived from SpmX were observed in wild-type cells,
but not in �spmX mutant cells. Because stalk integrity is
compromised by the cell permeabilization procedure
used during IFM, we were unable to unambiguously as-
sign the location of the SpmX signal to the stalked pole.
To resolve this ambiguity, SpmX was immunolocalized
in cells expressing the stalked pole marker DivJ-GFP and
was found to colocalize with DivJ-GFP (Fig. 4C). While
cells that had polar DivJ-GFP always contained overlap-
ping SpmX signals, the converse was not true: Occasion-
ally cells with polar SpmX were observed in which DivJ
is not localized. This observation, along with the finding
that SpmX is required for DivJ localization, suggested
that polar localization of SpmX precedes that of DivJ.
This prompted us to construct a divJ-yfp spmX-mCherry

strain to colocalize SpmX and DivJ in live cells. Consis-
tent with the IFM results, SpmX-mCherry and DivJ-YFP
colocalize in cells of an unsynchronized culture (Fig.
4D). Time-lapse fluorescence microscopy of synchro-
nized swarmer cells was used to determine the temporal
sequence of localization of SpmX and DivJ. Initially, nei-
ther SpmX nor DivJ was localized. Subsequently, polar
SpmX-mCherry foci appeared, followed by the emer-
gence of DivJ-YFP foci and subsequently the stalk (Fig.
4E) at the same pole. To determine whether or not SpmX
is present in swarmer cells, we probed blots containing
extracts prepared from wild-type cells at different stages
of the cell cycle with the anti-SpmX antibody. As shown
in Figure 4A, the SpmX protein is at first barely detect-
able in swarmer cells (t = 0 min), but accumulates
sharply during the transition into stalked cells (t = 20
min) and is present henceforth. An identical pattern
of abundance was observed in spmX-mCherry cells
(Supplemental Fig. S4). Thus, the accumulation and lo-
calization of SpmX is an early event during the G1–S
transition that is required for and precedes the recruit-
ment of DivJ to the nascent stalked pole.

Prompted by the findings above, we explored whether
SpmX and DivJ reside in the same complex at the stalked
pole using coimmunoprecipitation experiments. A
monoclonal antibody to GFP was used to precipitate
DivJ-YFP from membrane-solubilized extracts of the
divJ-yfp strain. Immunoblotting showed that SpmX was
present in this sample, but not in the sample in which
NA1000 solubilized extracts were processed in an iden-
tical manner (Fig. 4F). In a reciprocal experiment, DivJ-
YFP could be coimmunoprecipitated with the anti-
SpmX antibodies from extracts of the divJ-yfp strain, but
not from those of the �spmX; divJ-yfp strain (Fig. 4H).
In contrast, two other proteins that are detected by the
anti-GFP antibody (Fig. 4G) and the polarly localized
McpA chemoreceptor (Supplemental Fig. S5) were not
present in the precipitates from both extracts. These
experiments indicate that DivJ and SpmX reside in the
same protein complex, providing a mechanistic basis
for the notion that DivJ is attracted to the stalked cell
pole via the prior localization of SpmX. DivJ is pre-
dicted to have six TM domains and to lack major seg-
ments that protrude into the periplasm (Sommer and
Newton 1991), suggesting that this complex is mem-
brane-anchored.

Role of the muramidase domain in SpmX and DivJ
localization

To explore if the muramidase domain is required for
SpmX function and/or localization, we engineered al-
leles encoding SpmX(1–150), SpmX(1–350), and
SpmX(�mur) under control of the vanillate-inducible
promoter, Pvan, on a low-copy plasmid (Thanbichler
et al. 2007). SpmX(1–150) just encompasses the murami-
dase domain, SpmX(1–350) lacks the two TM segments,
and SpmX(�mur) is deleted for the active site residues
from E19-T34 (see Fig. 2A). Compared with wild-type
SpmX, none of the mutants was able to support DivJ
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localization or wild-type morphology when expressed in
the �spmX; divJ-yfp strain (Fig. 5A). Immunoblotting
showed that this deficiency was not due to a failure to
produce SpmX(1–350) or SpmX(�mur) (Fig. 5B). To inves-
tigate if these mutants were localized to the stalked pole,
we created translational fusions to the N terminus of
mCherry and localized the fusion proteins in NA1000
(Fig. 5C) and the �spmX mutant (data not shown). The
localization results were similar in both backgrounds
and revealed that the muramidase domain contains in-
formation sufficient to direct mCherry to the stalked
pole. In contrast, SpmX(�mur)-mCherry was expressed
(Fig. 5D) but delocalized, suggesting that an intact mu-
ramidase active center is critical for localization. Be-

cause SpmX(1–350) (Fig. 5E), but not the cytoplasmic
protein CtrA (Fig. 5F), was released into the supernatant
upon spheroblasting, we surmise that SpmX(1–350) is
found in the periplasmic compartment and that the in-
ability to recruit DivJ to the stalked pole is not due to its
absence from the periplasm. The fact that SpmX(1–150)
retains the ability to localize to the stalked pole suggests
that it is also exported to the periplasmic space (Fig. 5B).

Together, our results support a model in which an in-
tact muramidase active center serves to target SpmX to
the stalked pole. The subsequent recruitment of DivJ
into a complex at the stalked pole by SpmX is likely
mediated via membrane interactions requiring the SpmX
transmembrane domains. We propose that in this com-

Figure 4. Colocalization of SpmX and
DivJ. (A) Immunoblots showing cellular
levels of SpmX, DivJ, PilA, TacA, and
CtrA during various stages of the wild-
type (NA1000) cell cycle. The orange bars
indicate the time when spmX mRNA is
present during the cell cycle as deter-
mined previously (Laub et al. 2000; Mc-
Grath et al. 2007). (B) Polar localization of
SpmX-mCherry and mCherry-SpmX, ex-
pressed from the endogenous chromosom-
al locus in place of wild-type SpmX in
strains MT237 and MT272, respectively.
(C) Immunofluorescence micrographs us-
ing anti-SpmX antiserum in LS3200 (divJ-
gfp) cells. SpmX-derived signals (red) colo-
calize (yellow) with DivJ-GFP signals
(green). Cells were visualized by staining
in 1 µg/mL DAPI (4�,6-diamidino-2-phe-
nylindole). No SpmX-derived foci were
seen at the poles in �spmX cells. (D) DivJ-
YFP (green) and mCherry-SpmX (red) co-
localize (yellow) to the stalked pole of
NR3601 (spmX-mCherry; divJ-yfp) cells in
which the modified alleles replaced the
native spmX and divJ genes. (E) Time-
lapse fluorescence microscopy of purified
NR3601 swarmer cells growing on a cush-
ion of 1% M2G agarose on a microscope
slide, showing that SpmX-mCherry (red
arrowheads) localizes to the pole first, fol-
lowed by that of DivJ-YFP (yellow arrow-
heads), and finally the stalk (white arrow
heads) elongates from the same pole. Bars,
∼2 µm. (F) Immunoprecipitation (IP)
analysis of membrane-solubilized extracts
of the divJ-yfp and NA1000 strain with a
monoclonal antibody to GFP (�-GFP). Pre-
cipitated samples were analyzed by im-
munoblotting (Blot) using specific poly-
clonal antibodies to SpmX (�-SpmX). (G)
Immunoblot analysis of extracts from
NA1000 and divJ-yfp to detect DivJ-YFP
using a monoclonal antibody to GFP. The

asterisk (*) marks two nonspecific signals reacting with the anti-GFP antibody. (H) Immunoprecipitation experiments using membrane
solubilized extracts of the divJ-yfp and �spmX; divJ-yfp strains and polyclonal antibodies to SpmX. DivJ-YFP was detected by
immunoblotting using a monoclonal antibody to GFP. Note that the two nonspecific signals (*) do not coprecipitate. The white
arrowhead marks the position of the signals derived from the IgG heavy chains.
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plex, activated DivJ will then catalyze efficient phos-
photransfer to DivK.

PleC regulates DivJ localization via transcriptional
control of spmX

It is known that PleC is required for polar localization of
DivJ (Wheeler and Shapiro 1999), but whether or not this
is due to a direct or an indirect mechanism is unclear.
Based on two lines of evidence we speculated that the
latter is true and that SpmX is the centerpiece of this
pathway. First, SpmX is necessary to localize DivJ (Fig.
3), and second, mRNA profiling experiments indicated
that the abundance of the spmX message is positively
dependent on PleC (Chen et al. 2006). The prospect that
PleC impinges on the spatiotemporal regulation of DivJ
by controlling spmX transcription prompted us to inves-
tigate the underlying mechanism in detail.

First, we confirmed that SpmX levels are dramatically
reduced in �pleC cells by immunoblot analysis of ex-
tracts from wild-type and �pleC mutant cells (Fig. 6A),
and that this effect requires the phosphatase activity of

PleC (Supplemental Fig. S6). Next, we tested if spmX
transcription is impaired in �pleC mutant cells. To this
end, we engineered a transcriptional fusion of the spmX
promoter (PspmX) to a promoterless lacZ gene on a low-
copy plasmid and introduced the PspmX-lacZ reporter
construct into the wild-type and �pleC mutant strain.
Quantification of lacZ-encoded �-galactosidase activity
revealed that the PspmX-lacZ reporter is only 10% as ac-
tive in �pleC mutant cells as in wild-type cells (Fig. 6C).
Thus, PleC is required to activate transcription of spmX
as well as that of the pilA pilin gene. Incidentally, the
messages of spmX and pilA exhibit nearly identical
abundance patterns during the cell cycle: Both are highly
abundant in swarmer cells, are down-regulated in
stalked cells, and reaccumulate coincident with the
compartmentalization of the predivisional cell (Laub et
al. 2000; McGrath et al. 2007). This pattern is no surprise
for the pilA message since the abundance profile of the
PilA protein essentially reflects that of the message (Fig.
4A). However, for the spmX mRNA this pattern is un-
expected, since the SpmX translation product accumu-
lates during the G1–S transition when spmX transcript

Figure 5. Role of the muramidase domain in the
localizing of SpmX and DivJ to the stalked pole. (A)
Fluorescence and DIC micrographs of �spmX; divJ-
yfp cells expressing SpmX derivatives from a vanil-
late-inducible promoter (Pvan) on low-copy plasmid
pRVMCS-5 (Thanbichler et al. 2007) after growth in
PYE supplemented with tetracycline (1 µg/mL) and
induced with vanillate (50 nM) for 2 h. (B) Immuno-
blot analysis of SpmX and CtrA steady-state levels
present in equal amounts of cellular extracts from
strains in A. Note that the SpmX(1–150) derivative
is not efficiently detected by the anti-SpmX anti-
body because a recombinant SpmX derivative from
residues 120–351 was used as immunogen. (C) Lo-
calization of SpmX-mCherry derivatives expressed
from pRVMCS-5 in NA1000 cells grown as in A.
Note that as a result of ectopic expression from Pvan,
SpmX-mCherry can often be seen to localize to the
pole opposite the stalk. (D) Immunoblot experi-
ments to determine SpmX-mCherry steady-state
levels present in cell extracts from strains in C.
Equal amounts of cell extracts were loaded in each
lane. Similar localization results and abundance pat-
terns as in C and D, respectively, were observed
when the SpmX-mCherry derivatives were ex-
pressed in a �spmX background (data not shown). (E)
NA1000 cells expressing the SpmX-mCherry or
SpmX(1–350)-mCherry (as in D) were converted to
spheroblasts (SB) and gently centrifuged. The cell (SB
Cells) and supernatant (SB Sup.) fraction, along with
a control lysate of untreated cells (UT Lysate), were
examined for the presence of SpmX-mCherry or
CtrA by immunoblotting. The presence of SpmX(1–
350)-mCherry in the spheroblast supernatant indicates that it is exported into the periplasm in untreated cells. Note that sphero-
blasting is incomplete, explaining why a substantial amount of SpmX(1–350)-mCherry remains associated with cells. Similar experi-
ments with SpmX(1–150)-mCherry were inconclusive because spheroblasts were fragile, undergoing lysis during centrifugation (data
not shown). (F) The immunoblot shown in E was reprobed for the presence of a cytoplasmic protein (CtrA) as a control for cell lysis.
In B, D, E, or F, SpmX-mCherry derivatives and CtrA were detected using polyclonal antibodies to SpmX (�-SpmX), CtrA (�-CtrA), and
mRFP (�-mRFP). Note that the anti-mRFP antibody reacts with mCherry.
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levels begin to decline. This suggests that SpmX accu-
mulation is regulated at the post-transcriptional level.
Since the spmX and pilA messages are both dependent
on PleC, and since CtrA∼P levels are markedly reduced
in the pleC mutant (Biondi et al. 2006a), the possibility
existed that CtrA∼P also directly activates transcription
from the spmX promoter, along with that of pilA (Fig.
1B). In support of this, PspmX-lacZ was only 10% as ac-
tive in cells with a temperature-sensitive loss-of-func-
tion mutation in ctrA (ctrA401) as in wild-type cells (Fig.
6C). Moreover, SpmX was barely detectable by immuno-
blot analysis in extracts from ctrA401 cells (Fig. 7B). To
determine whether CtrA binds to PspmX in vivo, we con-
ducted quantitative chromatin immunoprecipitation
(qChIP) experiments using a polyclonal antibody to
CtrA. Control qChIP experiments showed that CtrA in-
teracts efficiently with the promoters of pilA and fliL
(Supplemental Fig. S7A), both promoters that CtrA∼P
binds to in vitro (Wu et al. 1998; Skerker and Shapiro
2000). However, the spmX promoter was at least an order
of magnitude less abundant in these immunoprecipi-
tated fragments than the fliL or pilA promoters. In fact,
precipitation of spmX promoter DNA was in the same
range as the background signal obtained when pilA pro-
moter DNA was immunoprecipitated with antibodies to
the CpaE structural protein of the pilus assembly ma-

chinery (data not shown), a protein that is not known to
bind promoters (Skerker and Shapiro 2000). Based on
these results, we surmise that regulation of PspmX by
CtrA is indirect (Fig. 1B).

A spmX transcriptional cascade is active in swarmer
cells

There are several arguments pointing to the TacA tran-
scriptional activator as the unidentified PleC- and CtrA-
dependent transcription factor that binds to PspmX. First,
since the accumulation of the tacA transcript slightly
precedes that of spmX (Laub et al. 2000; McGrath et al.
2007), the temporal pattern of tacA expression is consis-
tent with the proposed role of TacA as transcriptional
regulator of spmX. Second, the abundance of the tacA
message is dramatically reduced in the absence of PleC,
a feature tacA shares with pilA and spmX (Chen et al.
2006). Third, the spmX promoter sequence suggests that
an RNAP holoenzyme containing a �54 factor (E�54) tran-
scribes spmX (Fig. 6D; McGrath et al. 2007). E�54-cata-
lyzed transcription normally requires a coactivator of a
specialized clade of response regulators (Popham et al.
1989), of which there are only four encoded in the Cau-
lobacter genome and TacA is one of them (Marques et al.
1997).

Figure 6. Transcriptional regulation of spmX. (A) Im-
munoblots showing SpmX steady-state levels in wild-
type (NA1000), �pleC, rpoN�Tn5, shkA�Tn5, and
�tacA mutants. (B) Immunoblots showing that �divJ
and divKcs mutations restore SpmX production to
�pleC mutant cells. (C) �-Galactosidase assays using
the PspmX-lacZ reporter plasmid to determine spmX
promoter activity in NA1000 and various mutants.
Temperature-sensitive mutants were grown at the per-
missive temperature. (D) Comparison of the spmX pro-
moter sequence with the E�54 consensus sequence.
Asterisks (*) indicate nucleotides required for E�54

binding. Underlined are the −24 and −12 consensus se-
quences for E�54 promoters. (E) Immunoblot showing
TacA steady-state levels in NA1000, �tacA, ctrA401,
and �pleC mutants. CtrA was used as a loading control
for the immunoblots in A, B, and E. (F) Measurement of
TacA occupancy at the spmX and staR promoters in
vivo using qChIP analysis. (G) qChIP experiments
showing the reduction in CtrA occupancy at the tacA
promoter in �pleC mutant cells, and an increase in the
divKcs single mutant and the �pleC divKcs double mu-
tant relative to NA1000.
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Immunoblot analysis and PspmX-lacZ reporter assays
were used to test if TacA regulates spmX expression. A
marked reduction of cellular SpmX levels was observed
in strains mutant for TacA or �54 (RpoN) (Fig. 6A). More-
over, the PspmX-lacZ reporter was only 10% as active in
these mutants compared with the wild-type strain (Fig.
6C). Like other response regulators, TacA is also subject
to regulation by phosphorylation at a conserved aspartic
acid residue (at position 54) (Stock et al. 1990). The ShkA
hybrid histidine kinase was shown recently to initiate a
phosphorelay that activates TacA by phosphorylation
(Biondi et al. 2006b). Consistent with the idea that active
TacA stimulates transcription of spmX, disruption of the
shkA gene severely impairs SpmX accumulation and
PspmX-lacZ activity (Fig. 6A,C). To determine if regula-
tion of spmX transcription by TacA is direct, we con-
ducted qChIP experiments using a polyclonal antibody
to TacA. The spmX promoter precipitated specifically
and efficiently from lysates of wild-type cells, but not
from those of �tacA cells (Fig. 6F; Supplemental Fig.
S7B). The staR gene that encodes a regulator of stalk
elongation shares promoter sequence motifs with spmX
(McGrath et al. 2007) and is thought to be directly regu-
lated by TacA (Biondi et al. 2006b). Our qChIP experi-
ments also demonstrated that TacA interacts efficiently
in vivo with the promoter of staR (Fig. 6F), but not with

that of two other PleC-dependent genes (CC1695 and
CC0167) (Supplemental Fig. S7B). These findings, along
with the immunoblots showing that TacA is present in
the swarmer cell compartment (Fig. 4A), support the
view that TacA binds to PspmX in swarmer cells to stimu-
late transcription by E�54 (Fig. 1B).

Why is spmX transcription impaired in �pleC cells?
Previous experiments implicated that tacA transcription
is under the control of CtrA (Marques et al. 1997), sug-
gesting that �pleC cells might be unable to activate
spmX transcription because they lack sufficient
amounts of TacA. As expected, immunoblotting re-
vealed that TacA levels are markedly reduced in extracts
from �pleC and ctrA401 cells compared with those from
wild-type cells (Fig. 6E). The tacA promoter features a
CtrA box that overlaps the −35 promoter motif (Marques
et al. 1997), providing further support for the hypothesis
that a decrease in CtrA∼P is responsible for the reduction
of TacA in �pleC cells. Whether or not CtrA binds the
tacA promoter in vivo is unknown. Our qChIP experi-
ments revealed that the tacA promoter is indeed an in
vivo target of CtrA (Fig. 6G). The tacA promoter precipi-
tated with efficiency comparable with the fliL promoter
(Supplemental Fig. S7A). Next, we used qChIP analysis
to explore if CtrA occupancy at the tacA promoter is
compromised in �pleC cells compared with wild-type

Figure 7. The absence of SpmX underlies the DivJ lo-
calization defect in pleC and ctrA401 mutants. (A,B)
Immunoblots of pleC�Tn5 divJ-gfp and ctrA401 divJ-
gfp cells upon expression of TacA or SpmX from a xy-
lose-inducible promoter on a low-copy plasmid (pPxyl-
tacA). In A, cells were grown in PYE containing tetra-
cycline (1 µg/mL) and 20 mM xylose, except for the
strain containing pPxyl-spmX that was grown in 2 mM
xylose and tetracycline. In B, cells were grown in PYE
containing tetracycline (1 µg/mL) as well as 20 mM
xylose (Xyl) or 20 mM glucose (Glu). (C,D) Fluorescence
micrographs showing DivJ-GFP in pleC�Tn5 divJ-gfp
(C) and ctrA401 divJ-gfp (D) cells that were grown in
PYE containing tetracycline (1 µg/mL) and 20 mM xy-
lose and harbored either plasmid pPxyl-tacA or the
empty vector. (E) Localization of DivJ-GFP in a
pleC�Tn5 mutant that expresses SpmX from a xylose-
inducible promoter on a low-copy plasmid (pPxyl-spmX)
or with a complementing plasmid harboring the pleC
gene. No localization is observed in strains with the
empty vector. Cells were grown in PYE containing tet-
racycline (1 µg/mL). Bars, ∼2 µm.
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cells. As shown in Figure 6G, CtrA binding to the tacA
promoter is reduced by 60% when PleC is absent, thus
explaining the reduction of TacA in �pleC mutant cells.
Based on this data, we propose the following sequence of
events. First, low CtrA∼P levels caused by the loss of
PleC prevent efficient tacA transcription, which in turn
causes a reduction in TacA steady-state levels below the
threshold necessary to support spmX transcription.
Since spmX is not transcribed, cells are devoid of SpmX,
the localization determinant for DivJ, and, thus, DivJ
remains dispersed.

If our interpretation of this transcriptional hierarchy is
correct, then SpmX expression should be restored to
pleC or ctrA mutant cells when TacA is expressed from
a xylose-inducible Pxyl-tacA construct on a low-copy-
number plasmid. In support of our model, Figure 7, A and
B, shows that inducing expression of TacA upon admin-
istering xylose restored wild-type levels of SpmX to
ctrA401 and �pleC mutant cells. Based on these data, we
surmise that spmX transcription in the swarmer cell in-
volves an intricate transcriptional regulatory cascade fol-
lowing the order PleC → CtrA → TacA → SpmX.

SpmX couples PleC signaling to DivJ localization

Since ctrA401 cells are devoid of SpmX, they should be
unable to direct DivJ to the pole. As expected, only dif-
fuse fluorescence was observed in ctrA401 divJ-gfp cells
(Fig. 7D). Since the Pxyl-tacA construct endows both
ctrA401 and pleC mutant cells with SpmX, we asked if
this plasmid could remedy the DivJ localization defect of
these cells. Indeed, ctrA401 divJ-gfp or pleC�Tn5 divJ-
gfp cells bearing the Pxyl-tacA plasmid sequestered DivJ-
GFP to the pole (Fig. 7C,D) in a xylose-dependent man-
ner. Interestingly, the Pxyl-tacA plasmid also restored
stalk biogenesis to the pleC mutant (Supplemental Fig.
S8), indicating that DivJ localization and stalk biogenesis
at the G1–S transition rely on TacA whose production is
dependent on PleC signaling. To test if SpmX is suffi-
cient to direct DivJ to the pole in the absence of PleC, we
expressed SpmX from a Pxyl-spmX plasmid in pleC�Tn5
divJ-gfp cells. As expected, Pxyl-spmX induced the for-
mation of polar DivJ-GFP clusters (Fig. 7E) in the
pleC�Tn5 mutant, but not stalks. Thus, as already sug-
gested by the �spmX phenotype, SpmX is not the TacA-
dependent gene that promotes stalk synthesis. Instead,
SpmX plays a pivotal role in reprogramming the G1 cell
into an S-phase cell by the recruitment of DivJ to the
nascent stalked pole at the G1–S transition, an event
that is prepared by PleC through its transcriptional regu-
lation of spmX.

SpmX and DivK define critical nodes of an intricate
genetic circuit

The data presented above outline two branches of a pu-
tative autoregulatory circuit in which PleC facilitates
SpmX production, whereas SpmX promotes the accumu-
lation of DivK∼P, which PleC acts against. If these de-

pendencies indeed form the basis of a closed genetic cir-
cuit, PleC must signal spmX transcription through
DivK. Immunoblotting and PspmX-lacZ reporter experi-
ments confirmed this prediction, as the divKcs mutation
overcame the reduction in cellular SpmX levels and the
spmX transcriptional defect of �pleC cells (Fig. 6B,C).
Moreover, qChIP analysis showed that CtrA is again ef-
ficiently associated with the tacA promoter in �pleC
divKcs cells (Fig. 6G). Based on these results, we position
DivK between PleC and CtrA in the spmX transcrip-
tional cascade (Fig. 1B). The view that dephosphorylated
DivK signals the onset of spmX transcription in the
swarmer cell compartment stems from the result that
the �divJ mutation, which causes DivK to predominate
over DivK∼P, recapitulates the effects of the divKcs mu-
tation on PspmX-lacZ activity and SpmX accumulation in
�pleC cells (Fig. 6B,C). Thus, high DivK∼P levels that
occur at the G1–S transition or upon inactivating PleC
will indirectly shut down PspmX.

On the basis of these results, we propose the following
sequence of events that lead to the accumulation of the
spmX transcript in G1 (swarmer) cells. (1) The PleC
phosphatase directly and/or indirectly lowers DivK∼P
levels; (2) dephosphorylated DivK promotes to CtrA∼P
accumulation; (3) CtrA∼P subsequently activates the
tacA promoter; and (4) with the synthesis and phosphor-
ylation of TacA, transcription of spmX is initiated by
E�54 upon stimulation by TacA. (5) Early at the G1–S
transition, either regulated translation or an increase in
SpmX stability promotes its accumulation, whereupon it
localizes to the developing stalked pole. (6) Polar SpmX
then recruits and activates the DivJ kinase. (7) DivK is
phosphorylated and (8) indirectly turns off transcription
of spmX in nascent stalked cells by down-regulating
CtrA∼P, which (9) eliminates de novo production of
TacA, while (10) pre-existing TacA is proteolyzed (Fig.
4A).

Discussion

The spmX gene can be considered a focal point of regu-
lation of the Caulobacter asymmetric division cycle,
since it is intricately regulated at multiple levels both in
time and space. Commensurate with its sophisticated
regulation, the SpmX protein performs functions that act
at the heart of this developmental program. SpmX stimu-
lates DivJ at the G1–S transition and, thus, triggers the
surge of DivK∼P. Moreover, SpmX is a localization factor
that directs DivJ and, indirectly, DivK to the pole. Fi-
nally, transcription of spmX in the incipient swarmer
cell compartment is activated through DivK as part of a
PleC-dependent signal transduction cascade. Based on
these data, we propose that SpmX and DivK act as criti-
cal nodes of an autoregulatory loop interwoven into the
genetic circuitry that implements and sustains Caulo-
bacter asymmetric division. DivK activates the tran-
scriptional branch of this loop to prime swarmer cells for
the impending transition into stalked cells, while SpmX
that accumulates in stalked cells promotes DivK∼P pro-
duction, which shuts off spmX transcription.
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In the absence of SpmX, DivJ is delocalized and its
kinase function is impaired. As a result, DivK is poorly
phosphorylated and its ability to execute cell specifica-
tion is compromised. Our result that the requirement for
SpmX to stimulate DivJ activity can be overcome with a
�pleC mutation illustrates another nuance of the PleC
regulatory pathway that is required to inhibit DivJ (Som-
mer and Newton 1991; Wheeler and Shapiro 1999). It is
conceivable that a negative regulatory activity that is
induced by PleC inhibits premature activation of re-
sidual DivJ found in swarmer cells. If that is true, we
hypothesize that SpmX is required to eliminate this ac-
tivity at the G1–S transition, thereby relieving repres-
sion of DivJ. This hypothesis accounts for the observed
requirement of SpmX to stimulate DivJ in wild-type
cells and also explains the observation that DivJ activity
is unrestrained in �pleC cells, in which both SpmX and
this putative inhibitor are absent. Based on this idea, we
posit two concurrent functions of SpmX to exert spatio-
temporal control over DivJ. First, by recruiting DivJ to
the emerging stalked pole at the G1–S transition, SpmX
ensures that the bulk of DivJ partitions with the stalked
daughter cell at the next cytokinetic event. Thus, this
function of SpmX is central for daughter cell-specific dis-
tribution of DivJ. Second, SpmX stimulates DivJ activ-
ity, possibly by relieving inhibition of the hypothetical
negative regulator outlined above. We cannot exclude an
alternative model involving a positive regulator of DivJ
that is stimulated by SpmX, but that is hyperactivated by
another pathway in pleC mutants where SpmX is absent.
Intriguingly, DivK was found recently to act as a positive
allosteric regulator of the DivJ kinase (R. Paul and U.
Jenal, pers. comm.), raising the possibility that DivK it-
self might represent the aforementioned hypothetical
regulator of DivJ.

In addition to the known battery of effectors, at least
one unknown phosphodonor of DivK still exists
(Wheeler and Shapiro 1999; Ohta and Newton 2003). The
regulatory network converging on DivK bears a remark-
able resemblance to that regulating Spo0F, a single do-
main response regulator that plays an important role in
committing Bacillus subtilis cells to the sporulation
pathway (Stragier and Losick 1996). Spo0F is subject to
regulation by phosphorylation and dephosphorylation by
multiple kinases and phosphatases (Jiang et al. 2000a,b;
Smits et al. 2007). While it is certainly conceivable that
another histidine kinase is the source of DivK∼P in cells
lacking both PleC and DivJ (Wheeler and Shapiro 1999),
DivK∼P might also acquire its phosphate from a high-
energy phosphometabolite like acetylphosphate (Wolfe
2005). The regulatory pathways controlling DivK are
central for the G1–S transition and likely act in concert
with others to complete the underlying developmental
changes that remodel a swarmer cell into a replicative
stalked cell. These include pathways specified by the
master transcriptional regulators GcrA and DnaA as well
as the SsrA (tmRNA) quality control system, all of which
are active during the G1–S transition and facilitate the
onset of DNA replication (Keiler and Shapiro 2003a,b;
Holtzendorff et al. 2004; Collier et al. 2006).

A fundamental developmental principle that has
found precedence in asymmetric cell division in eukary-
otes and in prokaryotes is the targeting of cell fate deter-
minants to specific subcellular positions as exemplified
in budding yeast, in Drosophila neuroblasts, and in Cau-
lobacter. The localization of SpmX early during the
G1–S transition to recruit DivJ to the stalked pole can be
compared with the asymmetrically localized Par com-
plex in Drosophila neuroblasts, a complex that includes
aPKC along with other proteins that are likely required
for its recruitment to the apical membrane (Wirtz-Peitz
and Knoblich 2006). As for the Par complex, the current
challenge for SpmX is to elucidate how this asymmetric
positioning is achieved. SpmX might recognize a struc-
tural and/or chemical modification in the polar peptido-
glycan layer that attracts it to the old cell pole, a view
that is supported by our result that the muramidase do-
main is necessary and sufficient for the localization of
SpmX to the stalked pole. Indeed, the cell division appa-
ratus that directs the biosynthesis of the polar peptido-
glycan during cytokinesis has been implicated in the de-
position of a spatial mark at the newborn cell pole to cue
protein localization (MacAlister et al. 1987; Huitema et
al. 2006; Lam et al. 2006). Like SpmX, the localization
factor PodJ that recruits the PleC phosphatase to the
newborn pole contains a motif thought to interact with
peptidoglycan (Viollier et al. 2002b; Hinz et al. 2003).
This raises the intriguing possibility that the ability of
selected proteins to discriminate between the old and
the new cell pole could be based on unique features pres-
ent in the polar peptidoglycan. If that is true, cellular
asymmetry in Caulobacter or other bacteria might be
founded on this principle. Even bacteria that appear mor-
phologically symmetrical feature an old and a new cell
pole that might promote the formation of unique mo-
lecular microdomains that can be exploited for special-
ized polar functions (Shapiro et al. 2002), predicting that
such a localization concept could be widespread among
prokaryotes.

Another remarkable aspect unearthed in this work is
the complex transcriptional cascade that activates spmX
in swarmer cells. It is an essential part of a new genetic
circuit in which SpmX promotes the production of
DivK∼P, and DivK∼P in turn terminates the pathway
that activates spmX transcription at the G1–S transition.
This is achieved by halting transcription to prevent de
novo synthesis of TacA and degrading pre-existing TacA
at the G1–S transition. Later in the cell cycle, once the
predivisional cell is compartmentalized and DivK∼P lev-
els fall in the swarmer cell chamber, the spmX transcrip-
tional pathway is once again activated. Launching the
pathway for spmX transcription before cell separation
has been completed ensures that the daughter swarmer
cell is born with the spmX message in anticipation of the
impending transition into stalked cells. The synthesis of
a transcript in a compartment long before the function
of its translation product is required is a fundamental
regulatory strategy that also underlies development of
the Drosophila embryo (Micklem 1995). Transcripts
like nanos, which codes for a key developmental regu-
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lator, are deposited in the egg by the mother before
fertilization has occurred (Wang and Lehmann 1991).
Once fertilization occurs, the newly formed embryo is
already endowed with maternal-derived messages that
can implement developmental changes. Many of these
maternal mRNAs are later degraded and replaced with
other de novo synthesized embryonic transcripts dur-
ing the midblastula (also known as the oocyte–zygote)
transition (Schier 2007). In a remarkable analogy to the
fate of these developmental messages, transcripts like
spmX that are synthesized before the birth of the
swarmer cell begin to disappear during the swarmer-to-
stalked cell transition, the time when the synthesis of
stalked cell-specific transcripts commences. Thus, the
localization of SpmX as well as the underlying spmX
transcriptional cascade both represent striking manifes-
tations of remarkably similar fundamental developmen-
tal mechanisms that operate in both eukaryotes and pro-
karyotes.

Materials and methods

Strains and growth conditions

Caulobacter NA1000 (Evinger and Agabian 1977) and deriva-
tives were grown at 30°C in PYE, M2G, or M5G, except divKcs
derivatives that were grown at 32°C. Escherichia coli S17-1 (Si-
mon et al. 1983) and EC100D (Epicentre Technologies) were
grown at 37°C in LB. Motility assays, swarmer cell isolation,
intergeneric conjugations, electroporations, and bacteriophage
�Cr-30-mediated generalized transductions were performed as
described (Ely 1991; Viollier and Shapiro 2003; Chen et al. 2005).

Isolation of motility mutants NS190, NS349, NS229, and
NS217

From a library of 20,000 transposon mutants that were tested for
reduced motility on semisolid PYE (0.3%) agar plates, >400
mutants were isolated and the transposon insertion site was
determined (S. Pritchard D. Matteson, E. Huitema, S.K.
Radhakrishnan, and P.H. Viollier, in prep.). To uncover uniden-
tified components of the PleC–DivJ–DivK signaling pathway,
we screened all mutants with insertions in uncharacterized
genes by TEM for pleiotropic phenotypes resembling those ex-
hibited by divJ, divK, or pleC strains, such as abnormalities in
cell division and/or polar development (Sommer and Newton
1991). As described in the Results section, NS190 and NS349
shared several properties with the divKcs mutant.

NS190 contains a mariner-derived Himar1 insertion at
nucleotide position 6336 of AE005889 delivered by conjugation
from E. coli S17-1 harboring pHPV414 (Viollier et al. 2004). In
NS349, an EZ-Tn5 transposon (Epicentre Technologies) that
had been introduced by electroporation was inserted at nucleo-
tide position 5805 of AE005889. Strain NS229 has a HyperMu
(Epicentre Technologies) insertion in rpoN (nucleotide position
4011 of AE006018). An EZ-Tn5 insertion at nucleotide 3762 of
AE005688 disrupted shkA in strain NS217.

�-Galactosidase assays and immunoblots

�-Galactosidase assays were performed at 30°C as described ear-
lier (Viollier and Shapiro 2003; Huitema et al. 2006). For the
production of anti-SpmX and anti-TacA antibodies, the se-
quences coding for residues 120–351 of SpmX and 226–488 of
TacA were overexpressed in E. coli Rosetta (DE3)/pLysS using

pET28a (Novagen) as N-terminal His6-tagged variants and were
purified using Ni-NTA agarose (Qiagen). Purified proteins were
excised from a 12.5% SDS polyacrylamide gel and used to im-
munize rabbits (Josman LLC). Antisera were used at the follow-
ing dilutions: anti-SpmX (1:50,000), anti-TacA (1:30,000), anti-
McpA (1:10;000), anti-CtrA (1:10,000), anti-DivJ (1:10,000), anti-
mRFP1 (1:5000), anti-DivK (1:10,000), and anti-PilA (1:5000)
(Alley et al. 1992; Domian et al. 1997; Wheeler and Shapiro
1999; Jacobs et al. 2001; Viollier et al. 2002a; Chen et al. 2005).

Microscopy

TEM was performed as described earlier (Skerker and Shapiro
2000; Huitema et al. 2006). For fluorescence and DIC imaging,
a Nikon Eclipse 90i microscope fitted with a 100× oil TIRF (1.45
numerical aperture) objective and a CoolSnap HQ2 camera (Pho-
tometrics) with suitable filters was used. Images were acquired
and processed using MetaMorph version 7.0 (Molecular De-
vices). IFM was conducted as described (Viollier et al. 2002a)
using the anti-SpmX antiserum at a dilution of 1:2000.

In vivo 32P labeling

In vivo phosphorylation experiments were performed with cer-
tain modifications of a previously described method (Domian et
al. 1997). A single colony of cells picked from a PYE agarose
plate was washed with M5G medium lacking phosphate and
was grown overnight in M5G with 0.05 mM phosphate to an
optical density of 0.3 at 660 nm. One milliliter of culture was
labeled for 4 min at 28°C using 30 µCi of �-[32P]ATP. Following
lysis, proteins were immunoprecipitated with 3 µL of anti-DivJ
or anti-DivK antiserum. The precipitates were resolved by SDS-
PAGE, and [32P]-labeled DivK or DivJ were quantified using a
Storm 820 PhosphorImager and ImageQuant software version
4.0 (Molecular Dynamics) and were normalized to the relative
cellular content as determined by immunoblotting of lysates.

Release of periplasmic proteins

A previously described procedure for releasing periplasmic pro-
tein upon spheroblasting was used (Judd et al. 2005) with minor
modifications. Ready-Lyse lysozyme solution (Epicentre) was
used at a concentration of 9 U/µL, and the cells were incubated
for 10 min at room temperature. Spheroblasts were centrifuged
at 4500g for 5 min, and samples were collected and then sub-
jected to immunoblot analysis.

Sequence analysis

The DAS (http://www.sbc.su.se/∼miklos/DAS/maindas.html)
server was used for the prediction of transmembrane domains in
SpmX.

Immunoprecipitations, strain, and plasmid constructions

Details for these procedures can be found in the Supplemental
Material.
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