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SUMMARY

In the differentiating alphaproteobacterium Caulobacter crescentus, organelle synthesis at cell
poles is critical to forming different progeny after cell division. Coordination of polar organelle
synthesis, including pili and holdfast, and flagellum ejection, is mediated in part by the scaffolding
protein PodJ. At the time of cell division, PodJ undergoes regulated processing to a short form that
persists at the flagellar pole of swarmer cells. This study analyzes how PodJ’s role in structural
and signaling protein localization impacts organelle synthesis. A PodJ mutant with an internal
deletion exhibits reduced sensitivity to pili-tropic phage ®CbK, resulting from reduced pi/A gene
expression, which can be linked to altered signaling protein localization. The phage sensitivity
defect of a ApodJmutant can be partially suppressed by ectopic pilA expression. Induction of
PodJ processing, by manipulation of poadJitself or controlled perP expression, resulted in
decreased pilus biogenesis and, when coupled with a podJ mutation that reduced pilA expression,
led to complete loss of phage sensitivity. As a whole, the results show that PodJ’s scaffolding role
for structural and signaling proteins both contribute to flagellar pole organelle development.

INTRODUCTION

While many bacteria replicate by binary fission, a large number of bacteria replicate using
complex life cycles, often employing differentiated cell types at different stages of the cell
cycle. Cell division can be used to produce different progeny cell types by segregation of
cellular structures and protein complexes such that when cell division occurs, each daughter
cell receives different organelles and proteomes. This style of cellular differentiation is used
in the developmental cycle of Caulobacter crescentus (for a review of C. crescentus
development, see (Curtis & Brun, 2010)). The cell cycle of C. crescentus begins with a
stalked cell, a cell with a thin extension of the cell envelope at one cell pole (the stalk)
tipped with an adhesive polysaccharide organelle called the holdfast. The stalked cell
elongates, becoming a predivisional cell. During this time, a flagellum is formed at the pole
opposite the stalk. Just prior to cell division, flagellar rotation is activated, followed by
extrusion of pili from that same pole after cell division. Cell division yields a daughter
stalked cell that can reenter the replication cycle, and a motile swarmer cell that cannot
replicate. After an obligatory period in the non-replicative phase, the swarmer cell
differentiates, ejecting its flagellum, losing its pili, and synthesizing the holdfast and stalk at
the previous flagellar cell pole.

TCorresponding author. Mailing address: Department of Biology, Indiana University, 1001 E. 3rd St., Bloomington, Indiana 47405
USA. Phone: 812-855-8860. Fax: 812-855-6705. ybrun@indiana.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Curtis et al.

Page 2

Understanding the mechanisms of polar localization in C. crescentusis critical to
understanding how development is coordinated not only in this organism, but many related
bacteria as well. While many alphaproteobacteria do not display morphologically distinct
cell types as seen for C. crescentus, it is becoming increasingly evident that the underlying
mechanisms for differential cell division are conserved. For example, another
alphaproteobacterium, Agrobacterium tumefaciens, produces two different daughter cells,
one that is stationary (analogous to the C. crescentus stalked cell) and one that is motile (like
the C. crescentus swarmer cell) (Kahng & Shapiro, 2001), and synthesizes a unipolar
polysaccharide adhesin similar to the holdfast (Tomlinson & Fuqua, 2009). While C.
crescentus exhibits zonal polar growth to synthesize a stalk (Brown et al., 2011), A.
tumefaciens exhibits zonal polar growth that results in the bulk of cell elongation emanating
from a single pole (Brown ef al,, 2012). Additionally, key C. crescentus developmental
proteins such as CtrA, CcrM, DivK and PleC are conserved throughout the
alphaproteobacteria (Bellefontaine et al.,, 2002, Hallez et al., 2007, Lam et al., 2003,
Robertson et al., 2000, Brassinga et al., 2002, Brilli et al., 2010).

One key protein involved in polar organelle development in C. crescentus is PodJ (Wang et
al., 1993). PodJ is a large protein (974 amino acids), with a single transmembrane domain
causing the C-terminal third of the protein to reside in the periplasm (Crymes et a/., 1999,
Hinz et al., 2003, Viollier et al., 2002b). PodJ is produced in stalked cells and localizes to
the pole opposite the stalk. Given that PodJ has no demonstrable enzymatic activity, and that
it contains a number of protein-protein interaction domains (Figure 1A, (Lawler et al.,
2006)), including three predicted coiled-coil domains in the cytoplasmic portion and three
predicted tetratricopeptide repeat domains (as well as a putative peptidoglycan binding
domain) in the periplasmic portion, it is likely that PodJ serves a scaffolding role. In fact, it
has been shown that PodJ is necessary for localization of the developmentally important
histidine kinase PleC to the flagellar pole (Hinz et al., 2003, Viollier et al., 2002b), as well
as pilus assembly and secretion proteins Cpak and CpaC (Viollier et al., 2002a), holdfast
attachment proteins HfaDAB (Hardy et a/., 2010), and the cyclic-di-GMP effector protein
PopA (Duerig et al.,, 2009). PodJ is largely conserved throughout the alphaproteobacteria,
and homologs almost always contain the C-terminal TPR repeats, while conservation of the
coiled-coil and peptidoglycan binding domains are variable.

PodJ is synthesized and localized in stalked cells as a full-length protein (long form, PodJ) ).
Coincident with cell division, PodJ is processed to a short form (PodJs) by removal of the
periplasmic portion of the protein (Viollier et al., 2002b, Hinz et al., 2003). PodJg persists
throughout the swarmer cell phase. Upon swarmer cell differentiation, PodJg is cleared from
the cell prior to re-synthesis of PodJ in the stalked cell. Major regulation of PodJ;_ to PodJg
proteolysis is performed at the time of cell division by the periplasmic protease PerP as perP
mutants accumulate PodJ;_ (Chen et al., 2006). PerP is positively regulated by CtrA. CtrA is
a two component transcriptional regulator that regulates 26% of all cell cycle-regulated
genes (Laub et al., 2000). CtrA is subject to complex regulation (see (Curtis & Brun, 2010)
for an in-depth discussion). In the predivisional cell, two histidine kinases are localized at
opposite ends of the cell. DivJ is localized at the stalked pole, while PleC is localized at the
flagellar pole. Both histidine kinases act on the single domain response regulator, DivK, but
in opposite fashion. DivJ phosphorylates DivK, whereas PleC desphosphorylates it. DivK
diffuses between the cell poles, becoming bipolarly localized and in the process alternates
phosphorylation states and allows the cell poles to communicate. Cytokinesis isolates DivJ
and PleC activities from one another, leading to rapid dephosphorylation of DivK in the
nascent swarmer cell. Non-phosphorylated DivK promotes activation of CtrA (Tsokos et al.,
2011). Thus compartmentalization of the predivisional cell leads to increased amounts of
activated CtrA, which leads to expression of PerP in the swarmer cell compartment and
initiation of PodJ processing. This explains why PodJ processing is coincident with cell

Mol Microbiol. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Curtis et al.

RESULTS

Page 3

division. However, in a perP mutant, some processing of PodJ; to PodJg persists, indicating
redundancy in the processing system, and making it difficult to determine the biological
purpose of PodJ processing. Clearing of PodJs during swarmer cell differentiation is thought
to be regulated by the membrane metalloprotease MmpA as mutants in this protease
accumulate PodJg, and PodJs is not removed during the swarmer to stalked cell transition
(Chen et al., 2005).

podJmutants, in addition to having delocalized PleC, do not produce holdfast or pili, do not
eject the flagellum efficiently, and display reduced motility in low percentage agar plates
(although they are observed to swim by microscopy) (Hinz et al., 2003, Viollier et al.,
2002b, Crymes et al., 1999). Because PodJ is tied to the localization of so many proteins and
involved in so many processes, the mechanistic reasons behind the phenotypes of podJ
mutants have been difficult to determine and the larger role that PodJ plays in polar
development is not well understood. The work presented here uses different mutations in
podJto isolate the deficiencies that contribute to the pilus and holdfast synthesis defect. In
addition, various roles for PodJ in scaffolding and signaling are determined, demonstrating
that PodJ is integrated into polar developmental pathways in multiple ways and highlighting
its importance in coordinating polar development processes into a cohesive and efficient
whole.

The podJA589-639A921-74 mutant has altered phage resistance

A ApodJmutant is deficient in pili synthesis (Hinz et al., 2003, Viollier et al., 2002b).
Expression of the pilus subunit gene p//A and localization of the pili assembly factor CpakE
are impaired in a ApodJmutant (Lawler et al., 2006, Viollier et al., 2002b). However,
reduced pilA expression is also found in mutants lacking PleC (Viollier et al., 2002a), whose
localization depends on PodJ (Lawler et al., 2006, Hinz et al., 2003, Viollier et al., 2002b), it
remained unclear whether the defects of a A podJmutant are due to the scaffolding role of
PodJ, to a potential signaling role, or both. To begin identifying the reasons for the pilus
synthesis defect in A podJ, mutations were sought within podJthat had effects on pilus
biogenesis. Sequence analysis led to the identification of a fifty amino acid region (from
amino acids 589 to 639, directly preceding the transmembrane domain) that had 12 lysine or
arginine residues, indicating an unusual charge density and a feature of the protein worthy of
investigation. A mutant was constructed such that the coding region for these amino acids
was deleted (Figure 1A). Additionally, previous analysis had shown that deletion of the
region encoding the putative peptidoglycan binding domain (amino acids 921 to 974, see
Fig. 1A) caused a reduction in the ability of that mutant to support the reproduction of
bacteriophage ®CbK (Lawler et al., 2006), which infects C. crescentus via the pilus (Chen et
al., 2006, Hinz et al., 2003, Skerker & Shapiro, 2000). The two individual mutations

(podJA 589-639 and podJA 921-974) were also combined into the same strain to create
POdJA 589-639A 921-974. The mutant strains, as well as control strains wild-type and

A podJ, were then assessed for ®CbK phage resistance as an indicator of pilus production,
by plating cells in soft agar and applying serial dilutions of phage to the agar surface (Figure
1B). After incubation, areas of infection had no cell growth (as seen in wild-type), while
mutants resistant to the phage had confluent cell growth (as seen with Apod.). Both the
PodJA 589-639 and podJA 921-974 mutants had an approximately 10-fold reduction in phage
sensitivity compared to wild-type, particularly noticeable in the 10~ phage dilution spot.
Interestingly, the double mutant was resistant to the phage and was virtually identical to the
ApodJcontrol.

To determine if the lack of phage sensitivity in podJA 589-639A 921-974 was due to altered
PodJ stability, western blot analysis was performed on the strains using antibody raised
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against the N-terminal portion of PodJ. This antibody detects both PodJ; and PodJs. As seen
in the western blot (Figure 1C), both PodJ; and PodJs are detectable in wild-type whole cell
lysates, while no protein is detectable in ApodJ. Both PodJ; and PodJg were detected in
PpodJA 589-639, but with a slight downshift in size due to the internal deletion. Only PodJg
was detectable in podJA 921-974, consistent with previous reports that deletion of the
putative peptidoglycan binding domain leads to rapid processing of the protein ((Lawler et
al., 2006), Supplemental Figures S2-3). In fact, the A 921-974 mutation induces processing
independent of the normal processing proteases, as PodJA921-974 is still rapidly processed
in the AperP, AmmpA, and AperP AmmpA mutant backgrounds (Figure 1D).

It is thought that the fast processing of the PodJA921-974 mutant is what gives rise to the
reduction in phage sensitivity and presumed reduction in pilus biogenesis. Processing is
essentially the removal of the PodJ periplasmic domain. The phenotype of a transposon
insertion in the periplasmic domain coding region of podJimplicated that domain in pilus
biogenesis (Viollier et al., 2002b). Additionally, when stop codons were placed in poaJthat
resulted in increasingly longer truncations of the protein from the C terminus, stop codons
which removed large portions of the periplasmic domain had no discernable effect on
holdfast synthesis or swarming maotility, but did cause an increase in resistance to infection
by ®CbK (Lawler et al., 2006). It should also be noted that many of the stop codon
mutations that caused truncations in the PodJ periplasmic domain led to immediate PodJ;
processing, and that the degree of proteolytic processing was often correlated with the
degree of disruption of ®CbK infection (Lawler et al., 2006). Surprisingly, even though the
POodJA 589-639A 921-974 mutant contains the A 9271-974 mutation, which normally causes
rapid processing, it has a strong PodJ;_signal (Figure 1C). This result indicates that the

A 589-639 mutation slows down the fast-processing phenotype of the A 921-974 mutation. If
the rapid processing of PodJA921-974 increases phage resistance, then the

POodJA 589-639A 921-974 mutant should be less resistant than podJA 921-974 because the

A 589-639 mutation suppresses the fast processing of PodJA921-974; however, the opposite
result was obtained. podJA 589-639A 921-974 is more phage resistant than podJA 921-974
and is, in fact, nearly as phage resistance as the podJnull mutant. The A 589-639 and
A921-974 mutations are additive in terms of phage resistance, but antagonistic in terms of
PodJ processing.

Induction of PodJ processing causes reduced pilus biogenesis in wild-type and
podJA589-639

To try to resolve the puzzling discrepancy between the pili synthesis and PodJ processing
phenotypes of the podJA 589-631 A 921-974 mutant, we first investigated the basis of its
slow processing phenotype. Since the deleted 589-631 amino acids lie in the cytoplasmic
domain of PodJ, we reasoned that this deletion was unlikely to impact processing of the
periplasmic domain for a structural reason but was more likely to reduce processing for a
regulatory reason. We therefore tested the effect of the ApodJand of the podJA 589-631
mutation on expression of the processing protease gene perPand found that it was
significantly reduced in both mutants (Figure 2A), suggesting that the slower PodJ
processing in the podJA 598-631 mutant is due to lower PerP level. To test this hypothesis,
perPwas introduced ectopically at the xy/locus under the control of xylose and the effect of
perPinduction was analyzed in wild-type and in the podJA 598-631 mutant. Western blot
analysis showed that following 4 hours of perPinduction, no PodJ; was detectable in a
wild-type background, and there was a significant reduction of PodJ;_in the podJA 589-639
mutant (Figure 2B). Induction of perP expression in a wild-type background increased phage
resistance by roughly two orders of magnitude, while in podJA 589-639 phage sensitivity
was virtually abolished despite the fact that a significant level of PodJ;_ was still present
(Figure 2C). The same alterations in phage sensitivity were obtained when the analysis was
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performed with strains carrying the Ppjja-/acZ construct (data not shown) used later to assess
the expression of pilA in these conditions. These results indicate that the podJA 589-631
mutation reduces PodJ processing by impacting the expression of PerP, although this is not
the only reason. These results agree with the previous study of Chen et al. (Chen et al.,
2006) where induction of PerP synthesis led to a loss of wild-type PodJ; detection and
correlated loss of pilus biogenesis.

Ectopic expression of the periplasmic protease PerP could lead to reduced pilus biogenesis
not through any effect on PodJ, but by altering gene expression indirectly, or by degrading
the pilus biogenesis machinery directly. This hypothesis was tested by monitoring the
expression and stability of various pilus components in response to ectopic PerP expression.
PilA gene expression was unperturbed by perP overexpression in the wild-type or the
podJA 589-639 background (Figure 2D), and minor effects on PilA protein levels (Figure
2E-F). Induction of perP expression also had no effect on the stability or abundance of pilus
biogenesis protein CpaE (data not shown).

Induction of PodJ_processing, either by introduction of the podJA 921-974 mutation or by
induction of PerP, results in an increase in phage resistance in both the wild-type
(elimination of PodJ , see Figure 1B-C, Figure 2B-C) and in the slow processing

podJA 589-631 background (decrease in the PodJ; /PodJs ratio, see Figure 1B-C, Figure 2B-
C). Surprisingly, induction of PodJ;_ processing has a more severe effect in the

podJA 589-631 background than in the wild-type background, causing near complete phage
resistance despite the fact that the PodJ;_ form can still be detected, albeit at a reduced level.
These results suggest that the podJA 589-631 deletion impacts signaling. In the following
sections, we analyze the effect of the podJ mutations on gene expression and protein
localization in order to decipher the basis for these phenotypes.

podJA589-639 has predominantly mis-localized cpaE but correctly positioned pili

Thus far, pilus biogenesis in the various strains has been inferred from phage sensitivity
assays. Pilus biogenesis in the mutants was investigated more directly by a number of
means. First, localization of the pilus biogenesis protein CpaE was detected by GFP-
labeling. CpaE has been previously shown to localize to the flagellar pole in predivisional
cells by this method (Viollier et al., 2002b). Its localization was also shown to be dependent
on PodJ as no fluorescent focus could be detected in ApodJcells. A gfp-cpaE gene was
introduced in each strain by allelic replacement and visualized by fluorescence microscopy
(Figure 3A). As previously reported, CpaE was predominantly located at the flagellar pole in
wild-type predivisional cells (61 + 11% of all predivisional cells, Figure 3A, Table 1). In
contrast to previously reported results, a fluorescent CpakE focus was detectable in ApodJ
cells. It should be noted that, like others, we had previously been unable to detect CpaE foci
in ApodJuntil recent upgrades to our microscope’s sensitivity. Interestingly, the foci in
ApodJwere almost exclusively found at the stalked pole with 26 + 6% at the stalked pole
compared to 3 + 3% at the flagellar pole (Table 1). Foci in podJA 921-974 were
predominantly found at the flagellar pole (27 + 6%) but with an elevated incidence of
bipolar localization (12 + 4%) compared to other strains, indicating that the lack of a
periplasmic domain does not significantly impact CpaE localization. CpaE was mostly
located at the stalked pole in podJA 589-639 (17 + 11% stalked versus 5 + 2% flagellar) and
in podJA 589-639A 921-974 (13 + 7% stalked versus 4 + 1% flagellar); these mutants also
exhibited a strong decrease in the number of cells with a CpaE focus as compared to wild-
type. The reduction in detectable CpaE foci in the mutants does not appear to be the result of
decreased protein synthesis as CpaE protein levels appear the same in all strains (Figure 3B).
The results indicate that the PodJ589-639 region plays an important role in CpaE
localization, yet the podJA 589-639 mutant is still sensitive to phage whereas the podJ
deletion mutant is resistant.
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The fact that CpaE mislocalizes to the stalked pole in portions of the populations for

PodJA 589-639 and podJA 921-974, and that these strains are sensitive to phage, brings up
the intriguing possibility that these strains produce pili at the wrong pole. To address this
possibility, cells of all strains were exposed to fluorescently labeled ®CbK for 15 minutes
prior to visualization by fluorescence microscopy. This technique has been used successfully
to visualize phage binding to swarmer cells (Skerker & Shapiro, 2000, Lawler et al., 2006,
Hinz et al., 2003). While wild-type swarmer cells were efficiently labeled (Figure 3A), no
other strain demonstrated labeling above that of ApodJ, even strains that were sensitive to
the phage. These results indicate that fluorescent phage labeling is not a sensitive method for
the assessment of pili synthesis.

We used immunofluorescence microscopy with an anti-pilin antibody as an alternate method
of detecting pili localization (Figure 3A). Pili were readily detected in phage sensitive wild-
type cells, but not in the phage-resistant mutants A podJor podJA 589-639A 921-974. Pili
were also detected cells of phage-sensitive mutants podJA 589-639 and podJA 921-974,
indicating that these strains produce pili. These results are consistent with the phage
sensitivity plaque assay results. We did not detect pili at the base of stalks (the position of
mislocalized CpaE and most likely position of ectopic pili formation). These results suggest
that pili are only formed at the flagellar pole, and that strains that have mislocalized CpaE
only produce pili in the subpopulation of cells with correctly localized CpaE. Whether
correct CpaE localization is the sole determining factor of pili formation is unknown.

ApodJ and podJA589-639A921-974 pilus deficiencies can be suppressed by ectopic pilA

expression

Expression of pilA is controlled by the master regulator of C. crescentus development: CtrA
(Skerker & Shapiro, 2000, Gora et al., 2010). In a previous section, we showed that the
transcription of perP, another gene activated by CtrA (Chen et al., 2006), is reduced in
ApodJand podJA 589-639. We therefore tested if pilA transcription was altered in these
mutants. B-galactosidase assays using a Ppjja-/acZ fusion showed that pilA gene expression
is reduced greater than two-fold in both ApodJand podJA 589-639 (Figure 4A) compared to
wild-type.

The above results suggest that the reduced phage sensitivity of podJmutants could be partly
due to reduced pilA expression. We therefore tested whether constitutively expressing pilA
could suppress the phage sensitivity defect of poa/mutants. Driving pilA expression from
the constitutive P, promoter completely suppressed the phage sensitivity defect of the
podJA 589-639 mutant (Figure 4B); it is as sensitive to phage as wild-type in this assay, as
compared to Figure 1B where podJA 589-639 has reduced sensitivity compared to wild-type
in that assay. Constitutive pilA expression also partially rescued the defect of the

podJA 921-974 mutant (Figure 4B), and even slightly suppressed the phage sensitivity defect
in the ApodJand podJA 589-639A 921-974 mutants. Plaques could be seen at phage
dilutions similar to wild-type, however they were very cloudy from cell growth, suggesting
that increased pilA gene expression could only partly suppress the phage sensitivity defect
of these strains.

Since CpaE is misslocalized in the podJ mutants, we used immunofluorescence of pilin to
determine if suppression of their phage sensitivity defect was due to properly localized pili
synthesis (Figure 4C). Localization of pili could be detected on swarmer cells in wild-type,
PodJA 589-639 and podJA 921-974 as before. No pili localization could be detected in ApodJ
and podJA 589-639A 921-974. No stalked pole fluorescence could be observed, indicating
that even with PilA overexpression, pili only form at the flagellar pole. Given the
suppression of the phage sensitivity defect of the ApodJand podJA 589-639A 921-974
mutants, it was surprising that immunofluorescence was unable to detect pili in the
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suppressed strains. It is possible that the pilus filaments formed by Pi,c-pilA suppression in
these strains are too small to detect but still allow some phage infection, or are very long and
easily sheared from the cell during immunofluorescence preparation, or there are relatively
few pili-producing cells in the population to be labeled in the assay, which would be
consistent with the low level of suppression.

The ApodJ and podJA589-639 mutations alter PleC and DivK localization

Results described in the previous section indicate that two CtrA-regulated genes, p/i/A and
perP, have the same approximate two-fold reduction in expression in the ApoadJand

PodJA 589-639 mutants, suggesting that CtrA activity is partially compromised in this strain.
Although the A 921-974 mutation bypasses PerP and MmpA for processing, the reduction of
perPexpression could be contributing to the lack of fast processing in

POdJA 589-639A 921-974. We further investigated the reason for the reduced perPand pilA
gene expression in A 589-639 containing strains. One plausible explanation for a potential
reduction in CtrA activity in podJA 589-639is that this region may be necessary for proper
PleC activity. PodJ is required for PleC localization to the flagellar pole (Viollier et al.,
2002b, Lawler et al., 2006). It is possible that PodJ is necessary not just for PleC
localization, but proper PleC activity as well. Reduction in PleC activity would lead to
increased DivK phosphorylation, which would then lead to decreased CtrA activation. To
investigate this hypothesis, a p/eC-gfp construct on a replicating plasmid was placed in each
strain, and resultant strains were analyzed by fluorescence microscopy (Figure 5A, Table 1).
As previously reported, PleC is mostly localized to the flagellar pole in wild-type cells (44 =
5%), while in ApodJthere is a severe reduction in localized PleC, with the majority of
localized protein found at the stalked pole (9 + 2% stalked pole compared to 3 + 1%
flagellar pole). PleC localization in podJA 921-974 is close to wild-type level (36 + 6%
flagellar pole) indicating processing has little effect on PleC localization. Both the

PodJA 589-631 and podJA 589-639A 921-974 mutations cause a strong decrease in the
number of cells with polarly localized PleC, although PleC is still mostly localized to the
flagellar pole in podJA 589-639in the few cells with polar PleC (16 + 6% flagellar pole, 2 +
2% stalked pole). This reduction in localized PleC may lead to partial reduction in CtrA
activity that could cause a reduction in pilA and perP gene expression.

PodJ recruits DivL to the flagellar pole through protein-protein interaction

The pattern of DivL localization (Sciochetti ef a/,, 2005) is consistent with the possibility
that it is recruited to the incipient flagellar pole by PodJ. The localization of DivL in various
podJ mutants was analyzed using a divL-yfp allele as the sole functional copy of the gene
and under control of the native promotor. In wild-type, DivL localizes predominantly to the
flagellar pole (40 + 9%, Figure 5A, Table 1) with little stalked pole localization (3 + 1%)
and some bipolar localization (10 + 6%). The A podJmutant loses flagellar pole localization
of DivL (3 = 1%) and localizes it mostly at the stalked pole (30 £ 3%), however it also has
significant bipolar localization (24 + 4%), indicating that PodJ may not be the sole flagellar
pole determinant for DivL localization. It had been previously shown that DivL is
delocalized in a divJmutant (Sciochetti et al., 2005), suggesting a DivJ-dependent DivL
localization factor. The podJA 589-639A 921-974 mutant resembles A podJ, with virtually no
flagellar pole localization of DivL (6 £ 3%) but with nearly equal amounts of stalked and
bipolar DivL localization (24 + 3% and 24 + 4% respectively). podJA 589-639 has some
flagellar pole (14 + 0%) and stalked pole (13 £ 0%) localization of DivL, but it is
predominantly bipolarly localized in this strain (28 + 0%). Interestingly, similar results were
obtained for DivL localization in podJA 921-974 (17 + 1%, flagellar pole, 11 + 1% stalked
pole and 24 + 0% bipolar). This result suggests that the periplasmic domain of PodJ may
play a part in DivL localization.
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A direct interaction between PodJ and DivL was investigated by a variety of means. First, a
yeast two-hybrid screen was performed for proteins that interact with full length PodJ using
a genomic prey library. From this screen, PodJ-Bait was shown to interact robustly with a
DivL-Prey library plasmid that contained the C-terminal portion of DivL from amino acids
470 to the end of DivL (Fig. 5B); this portion of DivL contains part of the PAS domain as
well as full histidine phosphotransfer and ATPase domains. To verify this interaction, the
full length PodJ was subcloned into the prey plasmid and the DivL fragment was subcloned
into the bait plasmid, co-transformed into yeast or transformed with the appropriate negative
control plasmid for bait or prey. An interaction between PodJ-Prey and DivL-Bait was
observed while neither plasmid alone allowed yeast to grow on stringent media when
present with the negative control plasmids (DivL-Bait and PodJ-Prey, data not shown). A
Far Western blotting experiment in which the cytoplasmic portion of PodJ was used to probe
a Western blot containing DivL confirmed that the two proteins interact (Fig. 5C, lane 3).
PodJ did not interact with FtsZ-intein or with proteins from a whole cell lysate of E. coli
containing the empty pET22b vector (Figure 5C, lanes 2 and 4). In addition to these /in vitro
methods, PodJ and DivL were also shown to interact using co-immunoprecipitation from C.
crescentus (Figure 5D). We conclude that PodJ recruits DivL to the incipient flagellar pole
of predivisional cells by direct protein-protein interaction.

Compromised PleC activity leads to decreased pilA and perP gene expression in the
ApodJ mutants

PleC affects CtrA activation by dephosphorylating the response regulator DivK, which is
phosphorylated by DivJ. Phosphorylated DivK inhibits CtrA activation by binding to the
tyrosine kinase DivL, which prevents DivL from binding to the hybrid histidine kinase
CckA (Tsokos et al., 2011). Lack of DivK phosphorylation allows DivL to bind to CckA
and promote its kinase activity, which causes phosphorylation of the histidine
phosphotransfer protein ChpT, which then phosphorylates CtrA. Phosphorylated DivK,
which binds to DivL at the flagellar pole of predivisional cells, can be visualized using
DivK-GFP (Jacabs et al., 2001, Lam et al., 2003). In a p/eC mutant, DivK becomes
hyperphosphorylated and is more bipolarly localized than in wild-type (Jacobs et al., 2001).
In podJstrains where PleC activity is compromised (A podJ, podJA 589-639,

PodJA 589-639A 921-974) DivK should also become hyperphosphorylated and more
bipolarly localized. However, as DivL is the flagellar pole DivK anchor and DivL flagellar
pole localization is perturbed in these strains, it is possible that less DivK flagellar pole
localization will be observed. A divK-gfp construct on a replicating plasmid was introduced
in each strain, and DivK localization was visualized by fluorescence microscopy (Figure 5A,
Table 1). DivK was less abundant at the flagellar pole in ApodJ, podJA 589-639 and

POAJIA 589-639A 921-974. Wild-type and poadJA 921-974 showed 56 + 4% and 39 + 14%
bipolar localization respectively, while ApodJhad 20 + 3% bipolar localization,

POodJA 589-639 24 + 21% bipolar localization and podJA 589-639A 921-97423 + 12%
bipolar localization. These results are consistent with less flagellar pole DivL localization.

DivL and DivK affect activation of CtrA through CckA. Non-phosphorylated DivK cannot
bind to DivL, which allows DivL to bind to CckA and increase its kinase activity, leading to
CtrA activation (Tsokos et al., 2011, Iniesta et a/., 2010). DivL binding to CckA causes
CckA to form a focus at the flagellar pole of predivisional cells, which can be detected by
fluorescence microscopy. Therefore, localization of CckA to the flagellar pole is an
indication of its activity. Many tagged constructs of CckA form constitutive stalk pole foci,
so determination of CckA activity can be simplified to a comparison of stalked pole versus
bipolar localization (Angelastro et al., 2010, Iniesta et al., 2010). CckA localization was
evaluated in the podJ mutants using a GFP-labeled construct on a replicating plasmid
(Figure 5A, Table 1). We scored localization of CckA in predivisional cells to facilitate the
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identification of the flagellar pole. We found that 49 + 1% of wild-type predivisional cells
exhibited bipolar CckA localization (Table 1). CckA localization in podJA 921-974 was
highest of the mutant strains, with 31 + 19% bipolar localization, compared to A podJ,
podJA 589-639 and podJA 589-639A 921-974 with 22 + 5%, 26 + 10% and 26 + 9% bipolar
localization in predivisional cells respectively. Conversely, the latter three strains strains
showed an increased incidence of stalked pole-localized or non-localized CckA, indicating
that flagellar pole CckA localization is at least partially compromised, likely from reduced
DivL localization. The loss of DivK and CckA flagellar pole localization due to reduced
DivL localization may prevent proper regulation of CckA activity by DivL/DivK and thus
lead to inefficient CtrA activation.

The potential reduction in CtrA activation in ApodJcould result from decreased PleC
activity leading to hyperphosphorylation of DivK, or it could result from delocalization of
DivL preventing proper activation of CckA. If it is the former, then preventing DivK
phosphorylation should swing the DivK~P balance back towards wild-type and suppress the
signaling defects of a ApodJ/mutant. If it is the latter, then DivK is already being
appropriately dephosphorylated but DivL cannot interact with CckA, and further
dephosphorylation of DivK will have no effect. To distinguish between these hypotheses,
the gene encoding the DivK kinase, divJ, was deleted by allelic replacement with a spec
cassette in wild-type and A podJbackgrounds. Deletion of divJresults in decrease of DivK
phosphorylation (Wheeler & Shapiro, 1999, Matroule et a/., 2004). The resulting mutants
were tested for phage sensitivity and PilA transcription/translation. Wild-type and A divJ
showed similar levels of phage sensitivity (Figure 6A), while ApodJwas phage resistant as
expected. Similar to the P,c-pilA suppression of ApodJ, ApodJA divJ.:spechad wild-type
levels of plaque formation, but the plaques were cloudy due to cell growth, indicating partial
suppression. Strains carrying A divJtend to have larger plaques and zones of clearing likely
due to the growth defect caused by the A divJmutation. The ApodJA divJ::spec mutant also
had wild-type level of pilA gene expression (Figure 6B) and PilA protein (Figure 6C-D).
These results indicate that compromised PleC activity, rather than compromised interaction
between DivL and CckA, leads to decreased pilA and perP gene expression in the ApoadJ
strain.

Effect of podJ mutations on holdfast synthesis

The work described above has focused on the consequences of PodJ processing on pili
synthesis. However, PodJ is also required for holdfast synthesis (Hinz et al., 2003, Viollier
et al., 2002b). Similar to pilus synthesis proteins, localization of the holdfast attachment
protein HfaB (Hardy et al., 2010) and the holdfast export protein HfsD (J. Javens,
unpublished) depend on PodJ. While it had been previously shown that a mutant with the
fast-processing podJj921 allele still produces holdfast and has a minor reduction in phage
sensitivity (Lawler et al., 2006), it was shown here that the phage sensitivity phenotype of
podJ921 was exaggerated when combined with the podJA 589-639 mutation (Figure 1B). To
determine if holdfast synthesis has a similar pattern of regulation as pilus synthesis, holdfast
was detected using fluorescein-conjugated wheat germ agglutinin (lectin) for various alleles
of podJ (Figure 7A). Holdfast was detected in wild-type, podJA 589-639, and podJA 921-974
strains, but not in ApodJor podJA 589-639-5921 strains. Localization of mCherry-labeled
HfaB was analyzed by fluorescence microscopy. podJ mutants that produced holdfast had
detectable HfaB foci at the tips of stalks, whereas strains that did not produce holdfast had
either diffuse fluorescent signal or foci located at random points along the cell (Figure 7A).
The loss of HfaB polar localization indicates that the organization of the holdfast machinery
is disrupted. These results are similar to the phage sensitivity assay results in that the
A589-639and A 921-974 mutations individually do not result in strong holdfast-deficient
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phenotypes, but they abolish holdfast synthesis and localization of holdfast components
when combined.

We tested the ability of a AdivJ::spec mutation to suppress the holdfast deficiency of a
ApodJmutant like it does for pilus synthesis. Stalked cells of wild-type and A divJ::spec
strains were robustly labeled by lectin staining (>70%), while no labeling of ApoadJcells
was observed (Figure 7B). The ApodJA divJ::spec strain had 10% labeled stalked cells,
indicating that the A divJ::spec mutation can suppress the holdfast production defect in

A podJ, but the suppression is not very strong. These results suggest that loss of holdfast
production in ApoadJlikely stems more from loss of PodJ scaffolding than altered signaling.

PodJg is the result of PerP and MmpA proteolysis

Based on the importance PodJ processing has for pilus biogenesis, the mechanism of PodJ
proteolysis was investigated further. PodJ,_is proteolytically processed to PodJg coincident
with cell division, and processing appears to involve the action of the periplasmic protease
PerP. PodJg persists in the swarmer cell until differentiation. It is thought that clearing of
PodJg during swarmer cell differentiation is initiated by the membrane metalloprotease
MmpA by cleaving off the transmembrane domain and allowing PodJ to be released from
the membrane for further degradation. It was previously hypothesized that PodJs is the
result of PerP proteolysis because there is reduced amount of PodJg and increased amount of
PodJ,_in a perP mutant (Chen et al., 2006).

To further the analysis of PodJ proteolysis, the site where PerP cleaves PodJ was identified.
The PerP protein lacking the secretion signal (PerP s s) and the periplasmic domain of PodJ
(PodJper)) were purified and used in /n vitro proteolysis assays, as previously described
(Chen et al., 2006). Reaction mixtures were separated by SDS-PAGE, transferred onto
PVDF membrane, and visualized with Ponceau S staining (Figure 8B). Consistent with
earlier results, digestion of PodJpgr| produced two fragments, PodJpgg;-C (~26 kDa) and
PodJpggr-N (~6 kDa). N-terminal analysis of the larger peptide, PodJper-C, revealed a
sequence that matched exactly amino acids 703-717 of PodJ: VALTTGKVVPAEVEA.
Thus, PerP appears to cut between amino acids 702 and 703 of PodJ (Figure 8A).

The position of the site of PerP cleavage only 60 amino acids from the transmembrane
domain makes it extremely difficult to distinguish the product of PerP cleavage from that of
MmpA for a ~94 kDa protein. To determine if PodJg present in swarmer cells is the product
of PerP or of PerP + MmpA, we used mass spectrometry to determine the terminal amino
acid of immunopurified PodJs (Figure 8A, C). The terminal amino acid of the most C-
terminal peptide detected was found to be four amino acids into the predicted
transmembrane domain and was not a trypsin cut site, indicating that the protein ended a few
amino acids into the transmembrane domain (Figure 8A, C). This was puzzling, since PerP
resides in the periplasm and is unlikely to cut PodJ at the detected cleavage site. To simplify
the subsequent descriptions, we will use PodJs1y and PodJs 1 to designate the product of
PerP processing that still contains the transmembrane domain and periplasmic domain up to
the PerP cleavage site and the product of MmpA processing that no longer contains the
transmembrane domain, respectively.

The above results suggest that MmpA generates PodJs_p in late predivisional cells rather
than degrade it during swarmer cell differentiation. To verify these results, mass
spectrometry analysis was performed on immunopurified PodJg from a A mmpA mutant.
While the terminal amino acid could not be identified due to the fact that the most C-
terminal peptide detected ended in a trypsin cut site, additional protein sequence beyond the
transmembrane domain was found in the A mmpA mutant (Figure 8A-B, supplementary
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material), indicating that PodJs immunopurified from wild-type cells is the result of MmpA
proteolysis (Figure 8D).

An alternative explanation for the above results is that promiscuous MmpA activity during
lysis of wild-type cells and extensive treatment required for immunoprecipitation generates
the shortened form lacking the transmembrane domain despite the presence of protease
inhibitors in the lysis buffer. If MmpA cleavage of the PodJ transmembrane domain only
occurs during swarmer cell differentiation, PodJ should be predominantly membrane-
associated in swarmer cells, whereas if PerP and MmpA both act at cell division, it should
be predominantly soluble. In fractionation experiments, PodJ from wild-type swarmer cells
was found predominantly in the soluble protein fraction, indicating a lack of the
transmembrane domain, while PodJ from A mmpA swarmer cells was principally found in
the membrane fraction and required detergent to be solubilized (Supplementary Figure S-4).
These results are consistent with PerP and MmpA cleavage of PodJ occurring at cell
division, although promiscuous MmpA activity during the lysis step of these experiments
cannot be completely ruled out.

Results of this section suggest an alternative model of PodJ proteolysis (Figure 8D). It was
previously thought that PerP generated PodJs+Tp in late predivisional cells and that MmpA
initiated clearing of PodJs+1\m by cleaving off the transmembrane domain during the
swarmer to stalked cell transition. Instead, our results suggest a model where both PerP and
MmpA function in late predivisional cells to generate PodJs_tp, which lacks a
transmembrane domain, and that clearing of this PodJs_t\ during swarmer cell
differentiation is regulated not solely by release from the membrane but by release from the
membrane followed by some unknown mechanism.

Finally, we analyzed the short form of PodJ generated in the podJA 589-631 mutant and
found that the protein extended beyond the PerP cleavage site (Fig. 8C). This result is
consistent with the compromized PerP activity found in this mutant as described in earlier
sections.

To determine if mutations neighboring the determined cut sites could alter proteolysis by
MmpA, site directed mutations were made in podJsuch that the chemistry of the amino
acids immediately before (A642R) and after (L643R) the MmpA cut-site were altered.
Additionally, site-directed mutations were made that altered the sequence immediately
preceding the transmembrane domain, changing the protein sequence from KKSKAR to
AVAVAYV starting at amino acid 629, thereby removing four positively charged amino
acids. However, Western blot analysis demonstrated these mutants do not have dramatically
altered processing compared to wild-type, nor did they have any detectable alteration in
phage sensitivity, swarming in low percentage agar, or PodJ localization phenotypes (data
not shown). The results suggest that individual mutations altering chemistry surrounding cut
sites may be ineffective at preventing PodJ proteolysis. The lack of altered phenotypes in
mutants with changes to chemistry surrounding the MmpA cut site suggests that there are
redundant proteases for PodJ proteolysis, or that MmpA can use alternative cut sites. The
latter case has been observed before in the autoproteolysis of the Hap autotransporter in
Haemophilus influenzae (Hendrixson et al., 1997, Kenjale et al., 2009).

DISCUSSION

The studies presented here shed further light on the function of PodJ. PodJ serves a
scaffolding role for pilus structural proteins, such that when processing of PodJ is induced,
pilus biogenesis decreases with reduced flagellar pole CpaE localization, but without
altering pilA gene expression, PilA protein levels, CpaE protein levels, or PleC localization.
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This scaffolding role was already suspected (Viollier et al., 2002b, Lawler et al., 2006). We
show in this work that PodJ also serves a role in ensuring proper intracellular signaling.
Without PodJ, PleC, DivK DivL, and CckA all show decreased localization at the flagellar
pole, which leads to a decreased activity in CtrA-activated promoters. It is likely that PodJ’s
impact on signaling is a different facet of its scaffolding ability. It was possible that PodJ
localized signaling proteins but this localization had no impact on signaling activity. For
example, polar localization by PodJ could have served mostly to ensure proper protein
segregation after cell division. However, the data presented here indicate that delocalization
of signaling proteins from the flagellar pole leads to alterations in signaling, therefore PodJ
is necessary for proper signaling by localizing signaling proteins to the same subcellular site.
These two facets of PodJ, the scaffolding of structural proteins and the maintenance of
proper signaling, can be genetically separated. The podJA 589-639 deletion impacts the
signaling aspect, and although CpakE is delocalized, pilus synthesis still occurs at the correct
pole. The defect in phage sensitivity caused by the podJA 589-639 mutation can be
suppressed by bypassing the signaling block (i.e. ectopic expression of p/lA), indicating that
the block in pilus synthesis is mostly from altered signaling. The podJA 921-974 deletion
impacts the scaffolding aspect by inducing rapid processing and causing altered pilus protein
localization, while leaving the signaling aspect unharmed. DivL localization is shifted
towards bipolar localization in this strain, but DivK and CckA localization are relatively
unaltered. Each deletion on its own results in mild phenotypes, but when combined the
resultant mutant phenocopies A podJ. This result indicates that the phage resistance
phenotype of ApoaJis the result of deficiencies in structural protein localization and altered
intracellular signaling. This hypothesis is supported by the fact that ectopic p//A expression
only partially suppressed the phage sensitivity defect because it could only cover the altered
signaling aspect. Based on this research, when analyzing A podJphenotypes in the future
both structural protein localization and signaling must be considered.

The research presented here also indicates that regulated processing of PodJ after cell
division serves to shut off pilus biogenesis. PodJ;_is produced in the predivisional cell and is
needed for assembly of the pilus base unit (Hinz et al., 2003, Viollier et al., 2002b). Upon
cell division, the pilus filament PilA protein is expressed while PodJ is processed (though
the presence or absence of the transmembrane domain likely has little impact on pilus
biogenesis). This serves to activate pilus filament formation from base units already
assembled and prevent additional base assembly. If this hypothesis is correct, why does the
podJA 921-974 mutant not display a larger reduction in phage sensitivity? It is clear that
removing the periplasmic domain by deletion phenocopies A poadJfor phage resistance
(Lawler et al., 2006). Even though the PodJA921-974 mutant is processed faster than wild-
type, the periplasmic portion of the protein must exist for at least a limited amount of time
and in fact can be detected by overloading and overexposing western blots (data not shown).
Ectopic expression of perP causes a much greater decrease in phage sensitivity than the
podJA 921-974 mutant (approximately 100-fold), indicating that higher PerP expression is
more efficient at degrading the periplasmic portion of PodJ than the destabilizing effect of
the A 921-974 mutation. Therefore, the small amount of time the long form is present in the
A 921-974 mutant appears to be enough to initiate some pilus synthesis.

If the cell cycle dependent processing of PodJ serves to synchronize pilus synthesis, what
purpose does that accomplish for the cell? One possibility may be due to the role of pili in
surface attachment. C. crescentus uses the coordinated action of the flagellum, the pili, and
the holdfast to attach to surfaces (Levi & Jenal, 2006, Bodenmiller et al., 2004, Li et al.,
2012). Both the flagellum and pili are needed for reversible initial attachment, and the pili
are required for the transition from the reversible to irreversible phase of adhesion through
their role in the surface contact stimulation of holdfast synthesis (Li et al., 2012). In
addition, retraction of the pili is thought to orient the cell such that the pole that produces the
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holdfast is in close proximity/contact with the surface, thereby optimizing efficient holdfast
attachment. Biogenesis of new pili at the same pole at the wrong time could add a
counterproductive force, pushing the cell away from the surface while other pili are
retracting to bring the cell in closer. Blocking new pilus synthesis would prevent such
counterproductive activity.

While increasing PodJ; processing by mutation of podJor induction of PerP increased
phage resistance in every case, it was surprising that podJA 589-639A 921-974 and

podJA 589-639 with induced PerP were completely phage resistant, like mutants deleting the
whole periplasmic domain (Lawler et al., 2006), despite the presence of a significant level of
PodJ,_. One possible explanation for the apparent contradiction is that even though PodJ, is
detectable in podJA 589-639A 921-974, it is not available to perform its role in pilus
biogenesis. In both wild-type and podJA 921-974 there is no delay between induction of
processing and actual proteolysis. It is possible that the A 589-639 mutation causes a delay
between the binding of PerP (or other processing proteases) to the periplasmic domain and
the processing of this domain. The PodJ periplasmic domain bound by proteases might be
unavailable for its scaffolding function in pilus biogenesis proteins because it is in an
unfavorable conformation, or occluded by the proteolysis enzymes.

How might the A 589-639 mutation cause a delay in PodJ; processing? Since it appears that
A 589-639 causes reduced activity from CtrA-dependent promoters, one possibility is that
there is some CtrA-regulated factor necessary for efficient PodJ processing that is not
properly expressed, perhaps the cryptic proteolysis mechanism that operates in the absence
of PerP. Alternatively, another effect of the A 589-639 deletion is displaced signaling
proteins from the flagellar pole. PleC has a periplasmic domain (Wang et al., 1993), and
while there has been no study performed that would demonstrate PodJ and PleC interacting
through their periplasmic portions, it is possible that the PodJ periplasmic domain needs to
be in the context of the PleC periplasmic domain for efficient processing to occur. This may
explain why the in vitro processing of PodJpgr by PerP took several hours. Or it may be
that PodJ interacts with itself and that self-assembly is the context needed for efficient
processing. The A 589-639 mutation may disrupt PodJ self-assembly like it disrupts
assembly of PodJ with signaling proteins. Regardless, the A 589-639 mutation appears to do
what the A perP mutation could not, which is slow down the rapid processing of

podJA 921-974. Elucidating the mechanism by which processing is slowed when it should be
rapid could finally yield a non-processing podJallele that can help further understand the
function of PodJ processing.

Degradation of PodJ is similar to the regulated intramembrane proteolytic processing of
RseA in E. coli (Alba & Gross, 2004, Raivio & Silhavy, 2001). RseA is an anti-sigma factor
that has a single transmembrane domain, a periplasmic portion, and a cytoplasmic portion
that binds oF, inhibiting its activity (Missiakas er al,, 1997, De Las Penas et al., 1997, Ades
et al., 1999, Campbell et al., 2003). Envelope stress activates the periplasmic protease DegS,
which removes a portion of the periplasmic C-terminal domain of RseA (Ades et al., 1999,
Alba et al., 2001, Walsh et al., 2003, Wilken et al., 2004), making it a suitable substrate for
degradation by the membrane metalloprotease YaeL (Alba et a/., 2002, Kanehara et al.,
2001). Intramembrane proteolysis results in release of the cytoplasmic portion of RseA from
the membrane, leading to complete degradation of the remaining protein by ClpXP and
release of oF (Flynn et al., 2003).

Previous work using SDS-PAGE to determine the size of the short form of PodJ led to the
hypothesis that PodJ,_is processed by PerP at the time of cell division to yield PodJs+Tm,
whose transmembrane domain is subsequently removed by MmpA during swarmer cell
differentiation (Figure 8D)(Chen et al., 2006, Chen et al., 2005). Work presented used the
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improved resolution of mass spectrometry to determine the end point of the short form of
PodJ. Our results suggest that PerP and MmpA both function at the time of cell division and
lead to the formation of PodJg lacking a transmembrane domain, while an unknown protease
regulates degradation of this PodJg during the swarmerto stalked cell transition. The
resulting new model of PodJ processing is in closer agreement with the RseA model. YaeL-
mediated proteolysis is not a regulated step; the only factor limiting YaeL activity is
presentation of a suitable substrate from DegS activity (Bohn et al,, 2004, Kanehara et al.,
2003). MmpA working with PerP to create PodJg lacking a transmembrane domain suggests
that MmpA-mediated degradation is not regulated either, which is supported by the fact that
MmpA is constitutively expressed (Chen et al., 2005). Although data presented here further
strengthens ties between the RseA and PodJ proteolysis models, there is still a notable
difference. In RseA, once the proteolysis cascade is initiated it does not stop until RseA is
completely degraded. For PodJ, the proteolysis pauses at PodJs_tp until swarmer cell
differentiation. This indicates there is an additional regulatory step not present in the RseA
pathway. The nature of this regulatory step is unknown.

EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

Strains used in this study are listed in Table S-1. All C. crescentus strains were grown in
PYE medium (Poindexter, 1964) at 30°C. Escherichia coli strains were grown in Luria-
Bertani media at 37°C. Where appropriate, antibiotics were used at the following
concentrations: kanamycin 10 pg/ml (liquid) and 5 pg/ml (plates), tetracycline 0.5 pg/ml
(liquid) and 2 pg/ml (plates), ampicillin 200pg/ml (liquid and plates), spectinomycin 25 pg/
ml (liquid) and 100 pg/ml (plates). £. coliantibiotic concentrations were: kanamycin (50
pa/ml), tetracycline (12 pwg/ml), ampicillin or carbenicillin (100 pg/ml).

Electro-Ten compentent cells (Stratagene/Agilent Technologies, Santa Clara, CA) were used
for transformation of Matchmaker prey library ligations and amplified in TB (Sambrook et
al., 1989). BL21ADE3 was used for protein expression. Yeast strains were grown in either
YPDA (20 g/L Difco Peptone, 10 g/L Yeast extract, 2% glucose, .003% adenine
hemisulfate) or SD (6.7 g/L Difco yeast nitrogen base without amino acids, 2% glucose)
medium. SD medium was supplemented with 10X amino acid dropout solution (0.15 g/L
His; 0.2 g/L Ade, Arg, Met, Trp, Ura; 0.3 g/L lle, Lys, Tyr; 0.5 g/L Phe; 1 g/L Leu; 1.5 g/L
Val; 2 g/L Thr), missing Leu, Trp, Ade, and/or His as appropriate and 2% Bacto Difco agar
for plates.

Strain construction

Primers used in cloning are listed in Table S-2. To create a clean deletion of the codons
encoding PodJ amino acids 921-974, an upstream fragment was generated by PCR using
oligonucleotides FDSPGEco and RDSPGXba2 (596 bp) with a £coRl site at the 5" end and
an Xbal site at the 3" end, and a downstream fragment was generated with podJXbaU3 and
podJbamd2 (671 bp) with an Xbal site at the 5" end and a BammHI site at the 3’ end. The
fragments were digested with the appropriate enzymes and cloned into pNPTS138 (M.R.K.
Alley, unpublished) to create NPTS138podJA 921, which was checked by sequencing using
the M13 forward and reverse oligonucleotides. pNPTS138podJA 921 was then introduced
into CB15 and A mmpA by conjugation. The in-frame deletion was created by two-step
selection, first for kanamycin resistance and sucrose sensitivity and then for sucrose
resistance and kanamycin sensitivity (Stephens ef a/., 1996). The final construct was
amplified from the C. crescentus chromosome.
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To create perP deletion mutants, a fragment upstream of perPwas generated by PCR using
oligonucleotides FdperPup3 and RdperPup3 (469 bp) with a Hinalll site at the 5" end and an
Xbal site at the 3" end, and a fragment downstream of perPwas generated with FdperPdn2
and RdperPdn3 (465 bp) with an Xbal site at the 5" end and an £coRl site at the 3" end. The
fragments were digested with the appropriate enzymes and cloned into pNPTS138 to create
PNPTS138A perP, which was sequenced with M13 forward and reverse oligonucleotides.
One T to C mutation was found early in the plasmid sequence, but was not incorporated
after integration into the C. crescentus chromosome. pNPTS138A perPwas introduced into
CB15, AmmpA and podJA 921-974 by conjugation. The final construct was amplified from
the C. crescentus chromosome and sequenced. To create AmmpA AperP podJ-S921,
plasmid pBGST18-podJ921 (Lawler et al., 2006) into AmmpA A perP by electroporation,
followed by kanamycin selection.

To create an in-frame clean deletion of the codons encoding PodJ amino acids 589-639, a
435 bp upstream fragment was generated by PCR using oligonucleotides d589Hind and
d589XbaDn with a Hindlll site at the 5" end and an Xbal site at the 3" end, and a 467 bp
downstream fragment was generated with d639XbaUp and 591mutEcodn with an Xbal site
at the 5" end and an £coRl site at the 3" end. The products were digested with the
appropriate enzymes and cloned into pNPTS138 to create pNPTS138podJA 589, and
sequenced with M13 forward and reverse oligonucleotides. pNPTS138podJA1589 was then
introduced into CB15 by conjugation using £. coli strain S-17. The podJlocus was
amplified from the C. crescentus chromosome and sequenced to confirm the deletion.
pNPTS138podJA 589 was electroporated into CB15 and podJA 921-974. Two-step selection
and deletion verification were performed as before. To create podJA 589-639-5921 and
AmmpA AperP podJ-5921, plasmid pBGST18-pod P21 (Lawler et al., 2006) was
conjugated into recipient strains followed by kanamycin selection.

To create site-directed mutants in podJ, an approximately 1 kb fragment spanning the
middle third of podJwas generated by PCR using oligonucleotides, with a Hinalll site at the
5" end and an EcoRl site at the 3" end. The fragment was digested with the appropriate
enzymes and cloned into pSKII+ (Stratagene) and sequenced. The Quikchange mutagenesis
kit (Stratagene) was then used to alter protein sequence from KKSKAR to AVAVAV
starting at amino acid 629, as well as A642R, and L643R mutations create various point
mutations. To mutate the basic region preceding the PodJ transmembrane domain, sense
oligonucleotide PodJKKAYV and antisense oligonucleotide PodJKKAVanti were used. To
create the A642R mutation, sense oligonucleotide PodJTTR and antisense oligonucleotide
PodJTTRanti were used. To create the L643R mutation, sense oligonucleotide PodJRVV
and antisense oligonucleotide PodJRVVvanti were used. The constructs were sequenced,
and those with the appropriate mutations were subcloned out into pNPTS138 and introduced
into C. crescentus. The final constructs were amplified from the C. crescentus genome and
sequenced to verify the mutations.

A GFP-CpaE strain was constructed based upon the YFP-CpaE strain described in (Viollier
et al., 2002a), using different restriction sites and using eGFP instead of YFP. A ~700 bp
upstream fragment made with primers cpaEupF and cpaEupR, terminating with the cpaE
start codon followed by a BamHi site, was cloned into pNPTS138 using H/ndlll and
BamH. eGFP from pXGFPC-2 (Thanbichler et al., 2007) was PCR amplified using primers
cpaEgfpnewF and cpaEgfpnewR such that the start and stop codons were omitted, bounded
by BamH on the 5" end and £coRl on the 3 end. The eGFP fragment was cloned into the
previous plasmid using BamH1 and EcoRl. Finally, a ~600 bp fragment beginning with the
second ¢paF codon, bounded by an EcoRl site on the 5” terminus and A/l on the 3” end,
was amplified using primers cpaEdownF and cpaEdownR. The downstream fragment was
cloned into the previous plasmid, creating plasmid pPDC1. The plasmid construct was
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verified by sequencing, and electroporated into various strains. The presence of the correct
fusion was verified by PCR and Western blot analysis. The construct was electroporated into
various strains using previously established conditions followed by two-step selection, and
the correct allelic replacement was verified by PCR.

To generate strains tracking perP expression, plasmid pJC327 (Pperp-/acZ, (Chen et al.,
2006)) was electroporated into recipient strains using previously established conditions
followed by tetracycline selection. To generate strains for tracking p//A expression, plasmid
pJS70 (Ppiia-/acZ, (Skerker & Shapiro, 2000)) was electroporated into recipient strains
using previously established conditions, followed by tetracycline selection. Strains
expressing pilA constitutively were constructed by electroporating plasmid pJS96 (Piac-pilA,
(Skerker & Shapiro, 2000)) into recipient strains using previously established
electroporation conditions followed by spectinomycin selection. To generate strains tracking
PleC localization, plasmid pPleC-GFP (pleC-gfp, (Wheeler & Shapiro, 1999)) was
transferred into recipient strains by conjugal mating, followed by tetracycline selection.
Strains containing divK-gfp were constructed by mating an S17 E. coli strain with plasmid
pMR20divK-EGFP (Jacobs et al., 2001) with recipient strains, followed by tetracycline
selection. Strains containing cckA-gfp were constructed by mating an S17 £. col/ strain with
plasmid pMR20cckAgfp (Jacobs ef a/., 1999) with recipient strains, followed by tetracycline
selection. Strains with perP expressed ectopically at the xy/locus under xylose control were
constructed by electroporating pJC317 (Pxy-perP, (Chen et al., 2006)) into recipient strains,
followed by kanamycin selection. To generate strains tracking HfaB localization, plasmid
pCHYChfaB (AfaB-mCherry, (Hardy et al., 2010)) was transferred into recipient strains by
conjugal mating. pCHY ChfaB integrates into the chromosome, creating a merodiploid of
hfaB. The hfaB-mCherry allele created by integration is under control of the native Afa
promoter.

A ®Cr30 lysate of NA1000 A divJ::spec (Pierce et al., 2006) was made and A divJ..spec was
transduced into wild-type to create A divJ::spec, and into ApodJto create ApodJA divJ::spec.
A ®Cr30 lysate of NA100O divL-yfp (Reisinger et al., 2007) was made and divL-yfowas
transduced into wild-type, A podJ, podJA 589-639, podJA 921-974 and

PodJA 589-638A 921-974. dCr30 transducing phage lysates were prepared as described
previously (Ely & Johnson, 1977a, Ely & Johnson, 1977b). All transductions were done
using a modification of West et al. (West et al., 2002).

For screening the Caulobacteryeast two-hybrid library, a PodJ-Bait plasmid was generated.
First the full length podJgene was amplified in two pieces; a 1368 bp 5 region of podJ
using primers 2HPodJERUp and 2HpodJSpDn and another 1590 bp 3" region of podJusing
primers Y2HPodJSpUp and Y2HPodJBHDN. The 5” PCR product was digested with EcoRI/
Sphl, the 3" PCR product was digested with Sphl/BamHI with and the pPBBR1MCS2
plasmid was digested with EcoRI/BamH]; a three part ligation was performed, resulting in
pBBR1MCS2-podJ-full. The 2.9 kb EcoRI/BamHI fragment was cut out of pPBBR1MCS2-
podJ-full and ligated into pGBKT?7, resulting in pGBKpodJfull yeast 2-hybrid binding
domain/bait vector. For verifying protein-protein interactions pulled up from the yeast two-
hybrid C. crescentus library screen, the same 2.9 kb EcoRI/BamHI fragment of podJwas
cloned into the pGADTY7 yeast two-hybrid activation domain/prey vector, resulting in
plasmid pGADpodJfull, which generates a fusion of PodJ to the GAL4 activation domain.
The plasmid containing dfvL from the library screen (0GADDivL) was digested with EcoRl
and Xhol. The ~1.9 kb fragment was then cloned into pGBKT7 (digested with EcoRI and
Sall; Sall and Xhol have compatible overhangs). The resulting plasmid (0GBKDivL) was
sequenced to confirm the 5” fusion site was unchanged.
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SDS-PAGE, Tricine SDS-PAGE, and Western blotting

Cell lysates were prepared from exponentially growing cells (ODgpg = 0.35 - 0.7). The
equivalent of 1.0 ml of culture at ODggg = 0.7 was centrifuged at 16,000 x g for 2 min at
room temperature. Supernatant was removed and cell pellets were resuspended in 50 .l 10
mM Tris pH 8.0. 50 pl 2X SDS-PAGE loading buffer was added and the lysate was boiled
for 2 min. Lysates were loaded onto 7.5% SDS-PAGE gels. For analysis of PilA protein
levels, cell lysates were separated on 10% total acrylamide/3% bis-acrylamide tricine SDS-
PAGE gels according to the instructions of Schagger and von Jagow (Schagger & von
Jagow, 1987).

Separated proteins were transferred to nitrocellulose and subjected to Western blot analysis
using standard laboratory practices. Western blots for PodJ used rabbit antisera raised
against the cytoplasmic portion of PodJ at 1:10,000 dilution (Hinz et al., 2003). Western
blots for GFP used mouse monoclonal JL-8 GFP antibodies (Clontech) at 1:1,000 dilution.
Blots for PilA used purified PilA antibodies at 1:5,000 dilution (Skerker & Shapiro, 2000)
(Viollier et al., 2002a). Detection was done using Supersignal West Pico chemiluminescence
substrate (Pierce) and either anti-mouse or anti-rabbit HRP-conjugated secondary antibodies
(Bio-Rad) at 1:10,000 dilution. PilA Western blots were performed in triplicate and
densitometry of the PilA bands was performed using ImageJ software (Abramoff et al.,
2004) according to software instructions, normalizing the amount of PilA protein in each
sample as a percentage of the wild-type control on each blot.

®CbK phage assays

Exponential growing cultures of strains to be assayed for phage sensitivity were normalized
to ODggg = 0.5. Two hundred microliters of normalized cell culture were mixed with 2.5 ml
molten PYE 0.3% agar and poured on to the surface of warmed PYE plates containing
appropriate antibiotics and, for Pyy-perPstrains, sugars. Ten-fold dilutions of a 1 X 1010 pfu/
ml ®CbK stock was made in PYE broth and 10 .1 drops were placed on the surface of the
hardened soft agar and allowed to air dry prior to plate inversion. Plates were incubated at
room temperature (~23°C) for 2 days.

B-galactosidase assays

[B-galactosidase assays were performed according to Miller (Miller, 1972). Briefly, 200 pl of
ODggp = 0.4 — 0.6 cells were added to 600 I Z buffer. 50 pl chloroform was added to each
sample, vortexed, and incubated at 30°C for 5 min. 200 I 4 mg/ml ONPG was added and
the samples were incubated at 30°C. When significant yellow color had developed, the
incubation time was noted and 400 .l 1 M NayCO3 was added. A4z was measured and
Miller units for each reaction were calculated using the following formula: (A420)1000/(OD)
(t)(v) where OD = ODgqg of the culture, t = time in min, and v = volume of the culture in ml.

Fluorescence and immunofluorescence microscopy

Agarose pads were made using PYE broth, 1.0% electrophoresis-grade agarose. Cells were
spotted on a pad and immediately viewed. A Nikon Eclipse E800 with 100x Plan Apo oil
immersion objective was used for both fluorescent and phase contrast microscopy. Imaging
of was performed using a Nikon FITC-HyQ filter cube for GFP and 83000 triple filter cube
for mCherry (Chroma Technologies) with a Photometrics Cascade 1K cooled charged-
coupled device camera. Screen captures of both phase contrast and GFP emission were
generated using Metamorph software (Molecular Devices) and overlaid. To enumerate GFP-
CpaE, PleC-GFP, DivK-GFP and CckA-GFP cells, predivisional cells in each sample
preparation in which stalked poles could be differentiated from flagellar poles were
evaluated as to whether a fluorescent focus was present at a given pole, and each sample
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condition was repeated for a total of 3 times using different source cultures. To enumerate
®CbK labeled swarmer cells, stalkless cells were evaluated as to whether a fluorescent focus
was present or not, and each sample condition was repeated a total of 3 times using different
cell cultures. Fluorescent wheat germ agglutinin (lectin) binding assays were performed as
previously described (Janakiraman & Brun, 1999). To enumerate fluorescent wheat germ
agglutinin labeled cells, stalked cells in each sample preparation were evaluated as to
whether a fluorescent focus was present at the end of the stalk.

Immunofluorescence microscopy of PilA was performed on unpermeabilized cells with a
modification to the protocol previously described for permeabilized cells (Quardokus et af.,
2001). Briefly, cells were subcultured from overnight cultures and grown for 4 hours to an
ODggo= 0.5, 1 .l of PilA antibody was added directly to 1.7 ml microcentrifuge tubes and
then 100 .l of cells added to the tube and incubated 30 minutes. Cells were spun at 7000 x g
for 8 min at 40C and washed three times with phosphate-buffered saline (PBS), pH 7.4 and
then fixed in phosphate buffered 2.5% formaldehyde (Ted Pella, Inc., Redding, CA) for 30
min followed by another set of washes. The protocol was then followed as published starting
with the blocking step. Goat anti-rabbit FITC (Jackson Immunoresearch, Inc., West Grove,
PA) antibody was used at a 1:100 for detecting PilA. Epifluorescence microscopy was
performed on a Nikon Eclipse 800 light microscope equipped with an FITC-HyQ cube for
PilA samples. Images were captured using a Photometrics Cascade 1K camera and
Metamorph Imaging Software package.

C. crescentus genomic Matchmaker prey library construction

C. crescentus strain CB15 genomic DNA was partially digested with HinP1l. The digested
DNA was ligated into plasmid pGADT7 (Clontech), which was Clal digested and calf
intenstinal alkaline phosphatase treated (CIAP). The ligation was transformed into
ElectroTen-Blue (Stratagene, La Jolla, CA) competent cells and plated to determine the
number of colonies per transformation. To achieve ~95% coverage of the 4 MB Caulobacter
genome (5 fold coverage), 20,000 colonies per transformation multiplied by 6 reading
frames would mean that at last 120, 000 transformants are needed. Based on this calculation,
12 transformations were done to get 150,000 transformants to achieve >95% coverage of the
C. crescentus genome in 6 reading frames. The library was pooled and 6 transformations
were amplified in 3 liters of TB containing 200 pg/ml ampicillin for 13.5 hours at 37C.
Plasmid DNA (870 ng/p.l ) was isolated from the culture using the Qiagen Tip-500 plasmid
purification system, 200 pl aliquots were frozen at —80°C.

Prey library screen

Plasmid pGBK-PodJ-Full was transformed into yeast strain AH109 using the transformation
protocol recommended in the Matchmaker v.3 manual (BD/Clontech), generating strain
YB3577. The same protocol was used to transform YB3577 with the genomic library in
pGADTY. Briefly, strain YB3577 was grown in 1.0 L SD (-Trp) liquid media to an ODgg of
0.4. Cells were collected at 1000 x g at 25°C, washed with sterile dH20, and resuspended in
8 mL TE/LiAc (10 mM Tris-HCI, 1 mM EDTA, pH 7.5, 100 mM lithium acetate). To the
cells the following was added: 0.35 mg library DNA, 4 mg salmon sperm DNA, and 60 mL
PEG/LiAc (40% polyethylene glycol 3350, 10 mM Tris-HCI, 1 mM EDTA, pH 7.5, 100
mM lithium acetate), and the mixture was incubated at 30°C with shaking for 1 hour. Then 7
mL 100% dimethyl sulfoxide (DMSO) was added, and the mix was incubated at 42°C for 15
minutes. After chilling the cells on ice for 2 minutes, they were collected at 1000 x g at
25°C and resuspended in 10 mL TE (10 mM Tris-HCI, 1 mM EDTA). Cells were plated
(200 L per plate) on SD (-Leu Trp) agar plates containing 0.02 mg/mL X-a.-gal
(Glycosynth Warrington Cheshire, England) and incubated at 30°C for 3-4 days. This
yielded ~1000 colonies per plate among which 21 dark blue colonies were spotted and were
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restreaked onto fresh selective (SD (Leu —Trp)) and stringent (SD (-Leu —Trp —Ade —His))
plates.

Isolation of plasmid from yeast

To isolate plasmid from yeast, colonies were inoculated in 7 mL YPDA medium and grown
overnight at 30°C. Cells were collected and rinsed in 1 mL SE buffer (0.9 M sorbitol, 0.1 M
EDTA, pH 8.0), then resuspended in 400 pL SEB (SE with 14 mM BME). To this was
added 20p.L (=100 U) lyticase (Sigma Chemicals) and suspension was incubated at 37°C for
30 minutes. Cells were then collected and resuspended in 400 pL TE (10 mM Tris-HCI, 1
mM EDTA, pH 7.5), then 90 L of ETS (0.3 M EDTA, 0.4 M Tris-HCI pH 7.0, 2.2% SDS)
was added and mixture was incubated at 70°C for 30 minutes. After this incubation, 80 pL 5
M KAc was added to lyse the cells, and the mixture was incubated on ice for 2 hours.
Unlysed cells and debris was pelleted, and nucleic acid was precipitated from the
supernatant with ethanol, pelleted, and resuspended in TE. 25 pg RNAse was then added
and the remaining plasmid DNA was precipitated with isopropanol, washed with ethanol,
pelleted, and resuspended in TE. This plasmid suspension contains both pGAD- and pGBK-
derived plasmids, which was transformed into DH5a competent cells. Colonies were
isolated on either LB containing ampicillin (for pGAD) or kanamycin (for pGBK).
Individual plasmids were isolated and the inserts identified by direct sequencing of the
plasmid.

Protein overexpression and purification for Far Western blot analysis

To purify the cytoplasmic portion of PodJ, YB3044 BL21 (ADE3) containing pET22b-PodJ
was grown in LB medium at 37°C. The culture was induced at an ODggg of 0.5-0.6 with 0.5
mM IPTG and grown at 30°C for 2 hours. The cells were harvested, resuspended in
equilibration buffer (50 mM Tris, 100 mM KCI, 0.05% Dextran Sulfate, pH8.3) and lysed
by sonication with a Misonix Sonicator 3000 in the presence of protease inhibitor cocktail
tablets without EDTA (Roche Indianapolis, IN). After centrifugation to remove cellular
debris, the supernatant containing soluble, recombinant PodJ-His was purified over a
Nickel-charged His-Bind resin column as described by the manufacturer (Novagen). The
fusion protein was eluted with 20mM Tris pH7.9, 500mM NaCl and 1M imidazole. The
final concentration of PodJ-His was 380pg/ml using BCA Protein Assay Kit (Pierce).

To purify cytoplasmic DivL (missing the N-terminal transmembrane domain), BL21
(ADES3) containing pET21b-DivL (YB4711) was grown in LB medium at 37°C. The culture
was induced at an OD600 of 0.6 with 0.2 mM IPTG and grown at 16°C for 22 hours. The
cells were harvested, and resuspended in equilibration buffer (50 mM Tris, 500 mM NaCl, 5
mM EDTA, pH8.0). The cells were lysed and DivL-His was purified as described above for
PodJ. The final concentration was of DivL was 990pg/ml.

Far-Western blot analysis

For Far-Western blot analysis, samples were run on a 10% SDS-PAGE and transferred to a
nitrocellulose membrane (Whatman Schleicher and Schuell BA85). After Ponceau-S
staining to confirm the transfer, the blot was blocked with 5% non-fat dry milk with TTBS
buffer (20 mM Tris pH 7.6, 137 mM NacCl, 0.05% Tween20) for 1 hour at room
temperature. The blot was incubated with 2.28.g/ml PodJ-His (Bait protein) in 5ml 5% non-
fat dry milk with TTBS buffer at 4°C for 14 hours. The blot was washed with TTBS buffer
three times, 5 minutes, 5 minutes and 15 minutes. The blot was incubated with affinity-
purified anti-PodJ antibody against the cytoplasmic portion of PodJ (Hinz et al., 2003) at a
1:750 dilution, at 4°C for 14 hours. After washing as above, the blot was treated with
secondary antibody Goat Anti-Rabbit HRP-Conjugate 10pg/ml (Pierce) at a dilution of
1:10000, at room temperature for 1.5 hours. The blot was washed with TTBS buffer three
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times, 10 minutes, 10 minutes and 15 minutes. To detect the PodJ-DivL interaction, the blot
was incubated with Super Signal West Dura Extended Duration substrate (Thermo
Scientific/Pierce) for 10 minutes, and analyzed using a Kodak Image Station 440CF.

A serial dilution of purified DivL-His from 3.96j.g down to 0.099g was run on a 10%
SDS-PAGE and transferred to nitrocellulose to determine the specificity of the interaction
between PodJ and DivL. On a separate blot, For 38 ng of PodJ was loaded as a positive
control for the PodJ antibody, 2.475u.g purified DivL-His was loaded to demonstrate PodJ-
DivL interaction, as negative controls, two strains were used YB3562 BL21ADE3
containing pET22b without insert and YB1848 BL21ADE3 containing pTYB4-FtsZ to over-
express FtsZ-intein. The YB3562 and YB1848 were grown in LB medium at 37°C until
ODgqg =0.6 and induced with 0.5 mM IPTG at 30°C for 2.5 hours. The final ODggg was
1.77 for FtsZ-intein (~ 99kD) and 1.37 for pET22b. For sample preparation, 1 ml of culture
was centrifuged for 2 minutes. The supernatant removed and the pellet resuspended in 50pul
ddH20. 501 2X SDS sample buffer was added and boiled for at least 6 minutes. Samples
were loaded on the 10% SDS-PAGE gel. Co-immunoprecipitation and Western blot analysis

Affinity purified antibodies were prepared as described in (Din et a/,, 1998) and
concentrated 4:1 using an Amicon Ultra 15, 10,000 MWCO centrifugal filter (Millipore
Ireland Itd) and concentrated 4:1 again using a Microcon centrifugal filters ultracel YM-10
10000 MWCO (Millipore Ireland Itd), aliquoted and frozen at —80°C until used for co-
immunoprecipitation experiments. Co-immunoprecipitation was performed on C. crescentus
cells using a modification of the procedure described by Radhakrishnan (Radhakrishnan et
al., 2008). Briefly, Mid-log phase cells (100 ml) were harvested by centrifugation at 6200 x
g for 10 minutes. Cells were washed once in buffer 1 (50 mM sodium phosphate (NagPQOj,)
pH 7.4, 150 mM sodium chloride (NaCl), 1 mM EDTA, and then centrifuged at 6200 x g for
10 minutes. Cells were lysed at room temperature for 40 minutes in buffer 2 (50 mM
NazPO,4 pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 mM magnesium chloride (MgCl,), 0.5%
n-dodecyl-B-D-maltoside (DDM), 18,000 units Ready-lyseTM lysozyme (Epicentre
Technologies, Madison, W1), 30 units DNase | (Roche Applied Science, Indianapolis, IN)
and 1X protease inhibitor cocktail (Complete™ EDTA-free, (Roche Applied Science,
Indianapolis, IN)). Cellular debris was removed by centrifugation at 9200 x g for 5 min at
4°C. Supernatant was pre-cleared with 60 I Protein A-agarose (Roche Applied Science,
Indianapolis, IN) for 30 minutes at 4°C with shaking, centrifuged 5 minutes, and collected
(about 900 pl). To 450 pl supernatant, affinity purified anti-PodJ antibodies (1:100 dilution)
were added and incubated for 90 min at 4°C. Antibody-protein complexes or the negative
control (supernatant incubated without antibody) was added to 50 .l Protein A-agarose
beads and incubated for 1 hr at 4°C. Beads were centrifuged 10 minutes at 4°C, washed
three times with 1 ml buffer 3 (NagPO,4 pH 7.4, 150 mM NaCl, 1 mM EDTA, 1.05% NP40),
then washed twice with 1 ml 10% buffer 3. The beads were resuspended in 40 pl 2X SDS
loading buffer and boiled for 10 min. The beads were removed by centrifuging 1 min and
the solubilized proteins run on a 10% SDS-PAGE. Co-immunoprecipitated proteins were
identified by immunoblotting using monoclonal antibodies to GFP (JL-8, 1:625, Clontech,
Mountain View, CA) to detect DivL-YFP. Blots were washed in 1X phosphate buffered
saline (PBS) with 0.05% Tween 20 three times and incubated with horseradish peroxidase
conjugated goat anti-mouse (1:10,000) for 1 hour at room temperature, then washed again,
followed by incubation with Super Signal West Dura Substrate (Thermo Scientific,
Waltham, MA) for 10 minutes detecting the chemiluminescent signal using a 4000 MM Pro
image station (Carestream Health, Rochester, NY).

Sample preparation for liquid chromatography-tandem mass spectrometry (LC-MS/MS)

For analysis of PodJg produced in C. crescentus, 40 ml of either wild-type strain CB15, the
A mmpA mutant, or the podJA 589-639 mutant was grown in PYE to an ODggg of 0.7. The
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sample was then lysed and immunoprecipitated as described (Chen et al., 2006). Cultures
were separated into 20 ml aliquots, and each aliquot was processed as follows: cells were
pelleted and resuspended in 1 ml SDS buffer (10 mM Tris-HCI pH 8, 1% SDS, 1 mM
EDTA), and divided into two microcentrifuge tubes and boiled for 2.5 min. The boiled
lysates were added to 9 ml RIPA buffer (50 mM tris pH 8, 150 mM NaCl, 1 mM EDTA, 1%
NP40 v/v, 0.5% deoxycholic acid w/v, 0.1% SDS w/v), along with one mini EDTA free
protease inhibitor tablet (Roche). 60 .l washed Protein A agarose (Roche) were then added,
and the mixture was incubated on ice with shaking for 15 min to preclear nonspecific
proteins. The soluble portion was transferred to two microfuge tubes and spun for 2 min at
16,000 x g. Supernatants were transferred to a 15 ml conical tube, and 60 .l crude antiserum
raised against the cytoplasmic portion of PodJ was added (Hinz et al., 2003), and rocked
overnight at 4°C. 60 .l washed Protein A agarose (Roche) was then added and rocked at
room temperature for 1 hour. The Protein A agarose beads were pelleted by centrifugation in
a single microcentrifuge tube, by spinning aliquots, removing the supernatants and
repeating. Beads were boiled in 60 I SDS loading buffer (1X buffer was made by mixing
2X buffer (0.125M Tris-HCI pH 6.8, 20% glycerol, 4% SDS, 1.43 M 2-mercaptoethanol,
0.005% Bromophenol blue) 1:1 with 10 mM Tris pH 8.0) 4.5 min, and centrifuged to pellet
beads. The supernatant was loaded on a 7.5% 1.5 mm SDS-PAGE gel and stained with
Coomassie brilliant blue dye; the bands corresponding to PodJ; and PodJs were excised
with a clean razor blade. Extracted gel bands were analyzed in the Indiana University
Proteomics Facility by in-gel trypsin digestion followed by LC-MS/MS analysis.

In-gel trypsin digestion

Dithiothreitol (DTT) and iodoacetamide (IAM) were obtained from Bio-Rad (Hercules,
CA). HPLC grade water and acetonitrile were purchased from EMD Chemicals (Darmstadt,
Germany). Proteomics grade trypsin and formic acid were obtained from Sigma-Aldrich (St.
Louis, MO). Ammonium bicarbonate was purchased from Mallinckrodt Baker Inc. (Paris,
KY).Proteins were digested in the gel bands by a standard procedure described previously
(Rosenfeld et al., 1992). Briefly, each excised gel spot was cut into small pieces (less than 1
mm in each dimension), placed in a 0.6-ml microcentrifuge tube, and covered with 75 pl of
25 mM ammonium bicarbonate in 50% acetonitrile and vortexed for 10 min at room
temperature to destain the proteins. The solution was removed from the tube and discarded.
This destaining step was repeated twice. Gel pieces were vacuum-centrifuged for 25 min at
30°C to dryness. Disulfide bonds were reduced by the addition of 50 I of 10 mM DTT with
incubation at 60°C for 45 to 60 min. After removing and discarding the solution, 50 pl of 55
mM IAM was added and the sample incubated in the dark at room temperature for 45 to 75
min to alkylate reduced cysteines. After removing and discarding the solution, 100 .l of 25
mM ammonium bicarbonate, followed by two 75 pl aliquots of 25 mM ammonium
bicarbonate in 50% acetonitrile, were added and the sample vortexed for ten min. The
solution was removed and discarded each time after vortexing. Gels were again vacuum-
centrifuged for 20 min at 30°C to dryness. Seventy-five microliters of 12.5 pg/ml trypsin
solution in 25 mM ammonium bicarbonate was added to dried gel pieces. The gel pieces
were rehydrated at 4°C for 5 to 10 min, then incubated at 370C for 18 to 21 hours
(overnight). Following digestion, the liquid was removed from gel pieces and transferred to
a new 0.6-mL microfuge tube. Two 50-u1 aliquots of 5% formic acid in 50% acetonitrile
were added to the gel pieces and vortexed for 10 min, then removed and added to the tube
containing the digest solution. Trypsin digests (approximately 120 p.I) were vacuum-
centrifuged at 30°C to dryness (3 to 5 hours), reconstituted in 10 .l of water, and transferred
to autosampler vials for LC-MS/MS analysis.
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Six microliters of protein digest was loaded onto a 15 mm x 100 wm i.d. trapping column
packed with 5 wm, 200 A Magic C18AQ packing material (Microm BioResourses Inc.,
Auburn, CA). Peptides were eluted through a 150 mm x 75 um i.d. analytical column with
the same packing material, except 100 A pore size, using a 30-minute gradient from 97% to
60% solvent A, 97:3:0.1 water/acetonitrile/formic acid (Solvent B is 0.1% formic acid in
acetonitrile.) at 250 nl/min using an Eksigent nanoLC-2D system (Eksigent Technologies,
Dublin, CA). From the end of the column, ions were electrosprayed directly into a
ThermoFinnigan (San Jose, CA) LCQ Deca XP ion-trap mass spectrometer which recorded
mass spectra and data-dependent tandem mass spectra of the peptide ions. Tandem mass
spectra were searched against the known amino acid sequence for PodJ from C. crescentus
(Nierman et al., 2001) without enzyme specificity (a “no enzyme” search) using a licensed
copy of Mascot (Perkins ef al., 1999) for peptide identification.

In vitro proteolysis assays

For in vitro proteolysis assays, periplasmic domains of PerP and PodJ (PerP | s and
PodJper), respectively) were purified and mixed, as previously described (Chen et al.,
2006). After incubation at 37°C for 18 hours, samples were resolved using 12% SDS-PAGE,
transferred onto PVDF membrane, and stained with 0.5% Ponceau S in 1% acetic acid. The
membrane was allowed to air dry; then the desired protein band was cut out and subjected to
Edman sequencing, which was performed by the Protein and Nucleic Acid Facility at
Stanford University.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Two deletions in podJabolish phage sensivity. A: Schematic of PodJ, with predicted coiled
coil (CC), transmembrane (TM), tetratricopeptide repeat (TPR) and peptidoglycan binding
(PG) domains indicated. The numbers above the predicted domain indicate the amino acid
region for each domain. Important mutants used in this study are depicted as lines above the
schematic. B: Phage sensitivity assays of various podJmutants. Cell cultures were ODgqg
normalized then mixed with soft agar and plated on agarose plates. After hardening, serial
dilutions of bacteriophage ®CbK were spotted onto the plates and allowed to dry prior to
incubation. C: Western analysis of various podJ mutants. Western analysis was performed
using whole cell lysates from ODggg normalized cell cultures and anti-sera raised against the
cytoplasmic portion of PodJ to show PodJ; and PodJs. D: Western analysis of the fast
processing podJA 921-974 allele in combination with protease mutants. Western analysis
was performed using whole cell lysates from ODggg normalized cell cultures and anti-sera
raised against the cytoplasmic portion of PodJ to show PodJ; and PodJs. AperPAmmpA
podJ-S921 used a stop codon at the amino acid 921 codon to remove the C-terminal 53
amino acids of PodJ and results in the synthesis of the same protein as the podJA 921-974
mutant.
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Figure2.

perPexpression in podJ mutants and analysis of the effect of ectopic expression of perP on
PodJ processing and pilus biogenesis. A: Gene expression of perPwas measured using p-
galactosidase assays of exponentially growing cultures in wild-type, ApoadJ, and

podJA 589-639strains. B: Overnight wild-type and poaJA 589-639 with and without Pyy-
perP cultures were diluted to ODggp = ~0.2 and allowed to grow for 4 hours under non-
inducing (0.3% glucose; (-)) or inducing (0.3% xylose; (+)) conditions. Cultures were
normalized to the same ODggg and whole cell lysates were prepared from cell cultures and
subjected to Western blot analysis using PodJ anti-sera raised against the cytoplasmic
portion of the protein. C: Cultures from B with the Pyy-perP construct were used to
inoculate molten soft agar with antibiotic and appropriate sugar and poured onto plates
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containing antibiotic and appropriate sugar. The agar was allowed to harden and 10-fold
dilutions of phage ®CbK were spotted onto the surface and allowed to dry prior to
incubation. D: B-galactosidase assays were performed on cell cultures with the Pyy-perP
construct as previously described. E: Whole cell lysates with the Pyy-perP construct were
separated on Tricine SDS-PAGE gels and subjected to Western blot analysis using anti-PilA
anti-sera. Three separate blots were performed using independent cell cultures. F: Band
intensities of PilA Western blots were measured using ImageJ software. Each density was
normalized to a percentage of the wild-type control (without Pyy-perP) on each blot and the
results from the three blots were averaged.
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Figure 3.

Molecular analysis of pilus production. A: Localization of pili and pilus components. CpaE
was visualized by GFP labeling; gfp-cpak replaced cpaF in the chromosome. Numbers are
average and standard deviation of predivisional cells with only flagellar pole CpaE
localization (% Flag). Pili were visualized by adsorption of fluorescently labeled ®CbK to
cells (Fluo ®CbK) or by immunofluorescence microscopy using antisera raised against Pilin
followed by detection using FITC-conjugated secondary antibody (PilA (IMF)). Numbers
are the average and standard deviation of percentage of swarmer cells labeled (% Label). B:
Western analysis of gfp-cpak strains. Western analysis was performed using whole cell
lysates from ODggg normalized cell cultures and an anti-GFP monoclonal antibody.
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Figure4.

Effect of podJ mutations on pilA gene expression and suppression of pilus biogenesis
defects by constitutive pilA expression. A: Gene expression of pi/A was measured using p-
galactosidase assays of exponentially growing cultures in wild-type, ApodJ, and

podJA 589-639 strains. B: Phage sensitivity assays were performed with strains containing
constitutively expressed pilA (Piac-pflA). Cell cultures were ODgpg hormalized then mixed
with soft agar containing antibiotic and poured onto agarose plates with antibiotic. After
hardening, serial dilutions of bacteriophage ®CbK were spotted onto the plates and allowed
to dry prior to incubation. C: Immunofluorescence microscopy was performed on strains
carrying Pi,c-pilA constructs using antisera raised against Pilin followed by detection using
FITC-conjugated secondary antibody. Numbers are the average and standard deviation of
percentage of swarmer cells labeled (% Label).
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Figure5.

PodJ mutations affect signaling protein localization. A: Localization of signaling proteins in

PodJ strains. PleC was visualized using plasmid encoded pleC-gfp. podJ-S921 and

PodJA 589-639-5921 strains used a stop codon at the amino acid 921 codon to remove the C-

terminal 53 amino acids of PodJ and results in the synthesis of the same protein as the
podJA 921-974 mutant. Numbers are average and standard deviation of predivisional cells
with only flagellar pole PleC localization (% Flag). DivL was visualized using
chromosomally-encoded divL-yfp under control of the native promoter. Numbers are
average and standard deviation of predivisional cells with flagellar pole only DivL

localization (% Flag). DivK was visualized using plasmid encoded divK-gfp. Numbers are

average and standard deviation of predivisional cells with bipolar DivK localization (%

Bipolar). CckA was visualized using plasmid encoded cckA-gfp. Numbers are average and

standard deviation of predivisional cells with bipolar CckA localization (% Bipolar). B:
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Yeast two-hybrid results of PodJ and DivL interactions. Growth on the selective plate
requires presence of both bait and prey vectors while growth on the stringent plate requires
interaction between the bait and prey protein fusions. p53 and Ta serve as a positive control
for interaction while Lam and Ta are a negative control for interaction. C: Far-western
analysis of PodJ-DivL interaction. Lane 1 — purified PodJ cytoplasmic domain. Lane 2 — £.
coliwhole cell lysate with plasmid expression FtsZ-intein. Lane 3 — purified DivL-His. Lane
4 — E. coliwnhole cell lysate with empty vector. The blot was probed with purified PodJ
cytoplasmic domain followed by incubation with anti-PodJ antibody, goat-anti-rabbit
secondary antibody and finally visualization. D: /nn vivo co-immunoprecipitation. Lysate
from strains expressing DivL-YFP were incubated with anti-PodJ antibody. Antibody
complexes were collected using Protein A agarose beads and collected co-
immunoprecipitate was probed using anti-GFP antibody which also recognizes YFP. Lysate
—whole cell lysate of strain. Un — lysate unbound to Protein A agarose beads. Co-IP — co-
immunoprecipitate eluted from the beads. Mock — co-immunoprecipitate eluted from beads
from a control procedure where anti-PodJ antibody had been omitted.

Mol Microbiol. Author manuscript; available in PMC 2013 May 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Curtis et al.

Page 34

A

Phage: 101 102 103 10* 10° 10° 107

Adivi::spec

ApodJ

ApodJ
AdivJ::spec

B
12000 Pia-lacZ
10000
8
8000
=}
5 6000
s
4000
2000
0 & » & S
R RCANE G
& R
» AR
o§ é\\
C &
V&A\.
4
N »
P & @ P
— T A
D
140
c 120
5 100
S
g 8
2 60
8
5 0
S AN
0
< »
<+ ..sQe Q06 ,.SQQ/
O W O
& &
» Ne
O

Figure®6.

Pilus biogenesis defect of ApodJsuppressed by divJdeletion. A: Phage sensitivity assays of
various podJand divJmutants. Cell cultures were ODggpg normalized then mixed with soft
agar and plated on agarose plates. After hardening, serial dilutions of bacteriophage ®CbK
were spotted onto the plates and allowed to dry prior to incubation. B: pilA gene expression
in various podJand divJmutants was measured using B-galactosidase assays of
exponentially growing cultures. C: Whole cell lysates of various podJand divJ mutants were
separated on Tricine SDS-PAGE gels and subjected to Western blot analysis using anti-PilA
anti-sera. D: Band intensities of the Pil A Western blot were measured using ImageJ
software. Each density was normalized to a percentage of the wild-type control.
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Figure7.
Analysis of holdfast synthesis in podJmutants. A: Cell cultures were treated with FITC-

conjugated wheat germ agglutinin lectin and visualized by fluorescence microscopy. podJ-
5921 used a stop codon at the amino acid 921 codon to remove the C-terminal 53 amino
acids of PodJ and results in the synthesis of the same protein as the podJA 921-974 mutant.
The holdfast attachment protein HfaB was labeled by a mCherry fusion. AfaB-mCherry is in
single-copy on the chromosome under control of the native /7a promoter. B: Various podJ
and divJmutant cell cultures were treated with FITC-conjugated wheat germ agglutinin
lectin and visualized by fluorescence microscopy.
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Analysis of PodJ processing. A: Schematic of PodJ, with predicted coiled coil (CC),
transmembrane (TM), tetratricopeptide repeat (TPR) and peptidoglycan binding (PG)
domains indicated. The numbers above the predicted domain indicate the amino acid region
for each domain. Amino acids 635-711 are shown below the schematic. MmpA and PerP cut
sites are depicted. B: /n vitro processing of PodJ periplasmic domain (PodJPERI) by PerP
lacking the secretion signal (PerPALS). Lane 1 — PerPALS only. Lane 2 — PodJPERI only.
Lane 3 — PodJPERI + PerPALS. N-terminal (PodJPERI-N) and C-terminal (PodJPERI-C)
processing fragments are indicated. C: The amino acid sequence of PodJ from amino acids
589 to 754 is shown. The underlined region indicates the transmembrane domain. The last
peptide detected by mass spectrometry from immunopurified PodJg for each strain is shaded
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gray. For podJA 589-639, the deleted region is indicated by strikethrough. D: Previous and
alternative models of PodJ proteolysis.
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