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The asymmetric distribution of the essential
histidine kinase PdhS indicates a differentiation

event in Brucella abortus
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Many organisms use polar localization of signalling
proteins to control developmental events in response to
completion of asymmetric cell division. Asymmetric division
was recently reported for Brucella abortus, a class III
facultative intracellular pathogen generating two sibling
cells of slightly different size. Here we characterize PdhS,
a cytoplasmic histidine kinase essential for B. abortus via-
bility and homologous to the asymmetrically distributed
PleC and DivJ histidine kinases from Caulobacter crescen-
tus. PdhS is localized at the old pole of the large cell, and
after division and growth, the small cell acquires PdhS
at its old pole. PdhS may therefore be considered as a
differentiation marker as it labels the old pole of the large
cell. Moreover, PdhS colocalizes with its paired response
regulator DivK. Finally, PdhS is able to localize at one pole
in other a-proteobacteria, suggesting that a polar structure
associating PdhS with one pole is conserved in these
bacteria. We propose that a differentiation event takes
place after the completion of cytokinesis in asymmetri-
cally dividing o-proteobacteria. Altogether, these data
suggest that prokaryotic differentiation may be much
more widespread than expected.
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Introduction

Asymmetry and cellular differentiation are intrinsic features
important for cell diversity in both eukaryotic and prokaryo-
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tic organisms. Bacillus subtilis and Caulobacter crescentus are
two well-documented bacterial models of differentiation.
Indeed, sporulation of B. subtilis is initiated by an asymmetric
division immediately followed by maturation of the spore
(Errington, 2003). C. crescentus is an o-proteobacterium
displaying reproductive dimorphism, which is maintained
by invariable asymmetric division at each cell cycle, giving
rise to two genetically identical but morphologically different
daughter cells, a sessile stalked cell and a motile swarmer cell
(Ausmees and Jacobs-Wagner, 2003). The swarmer cell must
differentiate into a stalked cell before initiating a new round
of DNA replication. The specific developmental program
associated with the differentiation of the swarmer progeny
(Swarmer progeny-specific program, i.e. SwaPS program) is
directly linked to the completion of the previous cell cycle
and cytokinesis (Huguenel and Newton, 1982). The fact that
the SwaPS program is initiated only after the completion
of cytokinesis ensures the generation of different cell types
by asymmetric cell division. A complex regulatory network
composed of several two-component signal transduction
systems, involving histidine kinases (HK) and response reg-
ulators (RR), is implicated in the control of differentiation
in C. crescentus (Ausmees and Jacobs-Wagner, 2003). At the
core of this regulatory network, PleC and DivJ, two asymme-
trically distributed HK (Jacobs-Wagner, 2004), couple SwaP$S
development with cell division, through the spatial regulation
of a conserved single-domain RR named DivK. Indeed, DivJ is
localized at the stalked pole and PleC at the flagellated pole of
the predivisional cell (Wheeler and Shapiro, 1999). During
the cell cycle, DivK is first localized at the stalked pole, where
it interacts with and is phosphorylated by DivJ. This phos-
phorylation allows DivK to localize at the opposite pole, that
is, the flagellated pole (Lam et al, 2003). When cytokinesis
is completed, the release of DivK from the flagellated pole
through the phosphatase activity of PleC induces the initia-
tion of the SwaPS program (Matroule et al, 2004).
Accordingly, DivK is completely delocalized in a AdivJ strain
by remaining dispersed in the cytoplasm of all cell types,
whereas in ApleC cells, DivK is found at both poles because of
its inability to be released from the flagellated pole. Thus,
dynamic localization of DivK, controlled by the opposite
activity and position of DivJ and PleC, provides a simple
molecular mechanism to coordinate cytokinesis with the devel-
opmental program in C. crescentus (Matroule et al, 2004). Little
is known about the mechanisms by which DivK activates or
represses the SwaPS program, but it was reported that DivK
controls the activity of CtrA, a major transcriptional regulator
controlling both cell cycle and morphogenesis (Quon et al,
1996; Laub et al, 2000; Hung and Shapiro, 2002).
Interestingly, other a-proteobacteria such as Agrobacterium
tumefaciens, Sinorhizobium meliloti and B. abortus also display
an asymmetric division (Hallez et al, 2004) despite the fact that
they have very different lifestyles, but we do not know if all
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these bacterial species display a differentiation program.
Moreover, components of the DivK regulatory network are
well conserved among these ao-proteobacteria, suggesting that
species other than C. crescentus may go through a developmental
program (Hallez et al, 2004). B. abortus, a class III pathogen, is a
facultative intracellular bacterium causing brucellosis in domes-
tic mammals like cows and Malta fever in humans (Boschiroli
et al, 2001). In B. abortus, the role of CtrA is partially conserved
compared with C. crescentus, which indicates plasticity of this
regulatory network along evolution (Bellefontaine et al, 2002).
An additional HK homologous to PleC and DivJ, called PdhS
(PleC-Div]J homolog sensor), was also identified. PdhS is a
predicted large HK without transmembrane segments, conserved
in several a-proteobacteria (Hallez et al, 2004).

Here, we show in B. abortus that PdhS is cytoplasmic and
belongs to the DivK regulatory network. PdhS is located at
the old pole of the large B. abortus cell and, after division, the
small cell maturates to acquire PdhS at its old pole, whereas
PdhS remains at the old pole of the large cell. As the pdhS
gene is essential for viability in B. abortus, this maturation of
a small cell into a large one is proposed to be obligatory. The
cell-cycle pattern of PdhS suggests that the small cell matu-
rates into the large one in a manner reminiscent of the
swarmer-to-stalked cell differentiation in Caulobacter. PdhS
being also able to localize at one pole of C. crescentus and
S. meliloti, we suggest not only that a functional asymmetry
occurs at a molecular level in at least three different
o-proteobacterial species, but also that a differentiation event
could take place after the completion of asymmetric division.

Results

The functional DivK homolog displays a
phosphorylation-dependent polar localization

in B. abortus

We first characterized the B. abortus DivK homolog
(AAF14690). The divK gene is predicted to encode a 123-
amino-acid protein with a molecular mass of 14kDa that
shares 79% identity with DivK from C. crescentus (..DivK)
(Table I). If B. abortus DivK is able to play a role similar
to (.DivK, it is expected to complement a divK mutation in
C. crescentus. As .divK is an essential gene, by transducing a
AdivK::Spec® lysate we demonstrated that B. abortus divK
expressed from the medium-copy plasmid pRH223 was able
to support viability in C. crescentus as the only copy of divK in
the cells (data not shown). Immunoblot analysis of this strain
confirmed that the only copy of divK expressed in this strain
was B. abortus divK (data not shown). All attempts to delete
divK in B. abortus failed, suggesting that this gene is
also essential in B. abortus. Moreover, as indicated below,
DivK is able to interact with its predicted kinases in a yeast

Table I Identification of B. abortus DivK, PleC and DivJ orthologs
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two-hybrid (Y2H) test. These results argue that B. abortus
DivK is the functional homolog of ..DivK.

Then we postulated that the subcellular distribution of
DivK could be polar, at least in a fraction of B. abortus cells,
as it is the case in C. crescentus and S. meliloti. To test this
possibility, we first localized DivK-YFP with a divK-yfp fusion
expressed from the pRH336 in the B. abortus 544 wild-type
(WT) strain and found that DivK-YFP was localized at one
pole of the cells in approximately one half of the population
(Figure 1). Similar results were obtained with the strain
XDBI1106, in which a divK-yfp fusion was integrated at the
divK locus (see Supplementary Figure S9). When the con-
served phosphorylatable Asp53 of DivK was substituted with
an alanine, the DivKps;4-YFP fusion expressed from pRH409
was never found polarly localized (Supplementary Figure
S1), suggesting that the polar localization of DivK is depen-
dent upon its phosphorylation state, as it was already demon-
strated in C. crescentus and S. meliloti (Lam et al, 2003).

B. abortus DivK is able to directly interact with histidine
kinases similar to PleC and DivJ

To identify paired histidine kinases of DivK in B. abortus, we
performed a Y2H matrix in which the interactions of all HK

Figure 1 DivK is polarly localized in B. abortus. DIC and corre-
sponding fluorescence images were taken of B. abortus WT cells
producing DivK-YFP from the low-copy plasmid pRH336.

BaDivK (123)?

BaPleC (783)°

BaDiv] (609)* PdhS (1035)?

CcDivK (125)? 79%P (123/123)¢
CcPleC (842)? —
CcDiv] (597)2 —

37%° (229/604)°
45%" (112/245)°

36%" (142/391)°
399%P (104/261)°

38%" (100/257)°
45%° (112/246)°

“Numbers in parentheses represent the length of the corresponding protein-coding ORF.

PRepresents the percentage identity.

“Numbers in parentheses represent the portion of the protein aligned.
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and RR predicted from the Brucella genomic sequences
(DelVecchio et al, 2002; Paulsen et al, 2002; Halling et al,
2005) (20 HK including two hybrid HK, CckA and PrlS, and 21
RR) were assayed (Supplementary Figures S2 and S3). We
used the available entry clones (Dricot et al, 2004) for the RR
and HK predicted to be cytoplasmic. For HK containing
predicted transmembrane segments, truncated coding se-
quences (CDS) were amplified by PCR in order to construct
new entry clones carrying CDS for C-terminal domains only,
that is, the protein parts containing the HK domains
(Supplementary Figure S2). The CDS from entry clones
were inserted into destination vectors by recombinational
cloning, in fusion with either activating domain (AD) or
DNA binding domain (BD) of GAL4, as detailed in the
Materials and methods section. Positive interactions were
detected using the lacZ and HIS3 reporter genes.

As a positive control, we found six positive interactions in
the Y2H test among the 10 pairs of HK and RR predicted to be
organized in operons in the genome (TcbRS, TccRS, TcdRS,
TceRS, TcfRS, NtrBC, NtrYX, FeuPQ, BvrRS and NodVW)
(Supplementary Figure S4). No interaction between these
pairs (HK with RR, HK with HK or RR with RR) was found,
arguing in favor of the specificity of these Y2H interactions.
We detected physical interactions between the single-domain
RR DivK and the four HK DivL, PleC, DivJ and PdhS (see
below) (Figure 2A). These were the only interactions made
by these four HK in the Y2H tests (Supplementary Figures
S2-54), which again suggests that positive interactions are
specific. We also observed that the C-terminal part of PdhS
(aa 611-1035) was sufficient for interaction with DivK, and
that this is the only interaction we detected with PdhSg;1_1035
in fusion with either AD or BD of Gal4. Moreover, PdhS is
able to interact with itself in the Y2H experiments
(Figure 2B). This later interaction is probably, at least par-
tially, made by the N-terminal part of the protein, as the first
613 aa alone are able to interact with the complete PdhS
protein (Figure 2B). This suggests that PdhS contains at least
two functional parts: an N-terminal multimerization part and
a C-terminal histidine kinase part interacting with DivK.

A lacZ HIS3
reporter reporter

BD BD-DivK BD

AD-PleC*

AD-DivJ*

AD-PdhS

BD-DivK

Among the four histidine kinases interacting with DivK,
three are highly similar to C. crescentus PleC and DivJ, the
kinases of DivK (Table I). These CDS are conserved with
>99% identity at the amino-acid level between B. abortus
9-941, B. melitensis 16M and B. suis 1330. The interaction
between DivK and DivL was also demonstrated in C. crescen-
tus (Ohta and Newton, 2003), but the in vivo implications of
this interaction are not understood as it was reported that
DivL could control the phosphorylation state of CtrA but not
DivK (Wu et al, 1999). C. crescentus PleC and DivJ share
46% identity, and therefore belong to the same subfamily
of HK. B. abortus PleC (YP_414082) is aligned with ..PleC
on an extended length (Supplementary Figure S5) and
presents a similar predicted topology, that is, an N-terminal
periplasmic domain flanked by transmembrane segments
(Supplementary Figure S6). In C. crescentus, the deletion of
pleC leads to lack of motility and complete resistance to $CbK
and CR30 phages (Ohta et al, 1992; Wang et al, 1993; Wheeler
and Shapiro, 1999), both phenotypes directly associated with
a misregulation of the SwaPS program (Matroule et al, 2004).
Expression of B. abortus pleC on the low-copy plasmid
PRH246 in a C. crescentus ApleC strain restored motility and
phage sensitivity to the WT level (data not shown). Taken
together, these results strongly suggest that PleC is the
functional homolog of ..PleC in B. abortus. The proposed
B. abortus Div]J homolog (AAX739706) is slightly more identical
to the ..DivJ sequence compared with ..PleC (Table I) and
this deduced protein has a similar size and predicted topology
compared with ..DivJ, that is, several N-terminal transmem-
brane segments without extensive regions in the periplasm
(Supplementary Figure S6). Finally, the third HK (AAX74918)
is called PdhS for PleC-DivJ homolog sensor, because it
presents a similar degree of conservation with ..PleC and
«cDivJ. The domain’s composition of B. abortus PleC, Div]
and PdhS is represented in Supplementary Figure S6. The
most striking feature is that PdhS presents a large N-terminal
portion of more than 700aa without predicted functions.
Moreover, the absence of predicted transmembrane domains
suggests that PdhS is a cytoplasmic histidine kinase, which is

Figure 2 B. abortus PleC, Div]J and PdhS interact with DivK through their C-terminal domain. (A) Yeast two-hybrid assay showing physical
interactions between the B. abortus response regulator DivK and the histidine kinases PleC, DivJ and PdhS. Activation of lacZ reporter gene was
demonstrated as formation of blue colonies on plates containing X-Gal. Activation of HIS3 reporter gene was measured as growth on plates
without histidine but with 3-AT. ‘*’ Represents truncated forms of PleC and DivJ fused to AD, which comprised the HATPase_C domain and
excluded the predicted transmembrane domains. (B) Yeast two-hybrid assay demonstrating that the N-terminal domain of PdhS is required for
its dimerization, and its C-terminal domain, comprising the HATPase_C and PAS domains, is involved in the interaction with DivK. As in (A),
activation of HIS3 reporter gene was measured as growth on plates without histidine but with 3-AT. AD and BD represent the activation and
binding domains of Gal4, respectively. At least three independent experiments were performed for each yeast two-hybrid assay.
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not the case with B. abortus or C. crescentus PleC and DivJ
proteins. An immunoblot with anti-PdhS antibodies per-
formed on fractionated B. abortus WT cells demonstrated
that PdhS could be detected in the cytoplasmic soluble
fraction. CtrA, a predicted cytoplasmic protein, was also
detected in the same fraction, whereas VirB10, a protein
predicted to be anchored to the inner membrane of
B. abortus, was not detected in this soluble fraction
(Supplementary Figure S7). These results indicate that PdhS
is a large cytoplasmic histidine kinase produced by B. abortus
at least during culture in bacteriological medium.

Altogether, these results strongly suggest that PdhS, PleC
and DivJ interact with DivK and thus form a regulatory
network comparable to the DivK regulatory network reported
in C. crescentus, except for the presence of an additional
identified HK, PdhS.

Neither PleC nor DivJ controls the localization of DivK
in B. abortus

The pleC and divJ genes are both non-essential in C. crescen-
tus, and deletion of these genes gave very different pheno-
types. Whereas a divJ-null mutant displays a cell division
defect with a weak filamentation, the deletion of pleC gen-
erates a characteristic differentiation default (Ohta et al, 1992;
Wang et al, 1993; Wheeler and Shapiro, 1999). To investigate
the biological role of pleC, divJ and pdhS in B. abortus, we
tried to delete these genes. Deleting pleC and divJ was
possible, but we were not able to delete pdhS without a
plasmid-borne copy of pdhS, suggesting that this gene is
essential (see below). As illustrated by differential interfer-
ence contrast (DIC) microscopy, the AdivJ strain (XDB1102)
generated Y-shaped bacteria, a phenotype associated with
a cell division defect in several o,-proteobacteria such as
S. meliloti and A. tumefaciens (Latch and Margolin, 1997)
(Figure 3A). The ApleC strain (XDB1101) did not display any
obvious and reproducible morphological defect (data not
shown). These results suggest that divJ could play a role
in cell-cycle control in B. abortus, as it was reported for
C. crescentus.

As polar localization of DivK in B. abortus seems to be
dependent on its phosphorylation state, we checked if the
absence of divJ or pleC gene could mislocalize a DivK-YFP
fusion. Surprisingly, the polar DivK-YFP distribution was not
modified in B. abortus ApleC or AdivJ strains when compared
with the WT control (data not shown), suggesting that PleC or
DivJ could not control phosphorylation of DivK in vivo, in the
conditions tested here. PdhS could therefore constitute a good
candidate for such functions.

PdhS is essential for viability in B. abortus and its
overexpression leads to a cell division defect

To test the hypothesis of pdhS essentiality, we first deleted
pdhS in the presence of a rescue copy expressed from
pRH232. After checking for the deletion of the pdhS genomic
copy by PCR, we tried to swap the rescue copy by introducing
another vector from the same incompatibility group expres-
sing pdhS (pRH404) or not (pBBR1-MCS4). As shown in
Table II, pRH232 was replaced in the ApdhS strain only
in the presence of another WT copy of pdhS (pRH404). In
contrast, pRH232 could be easily cured from the B. abortus
544 WT strain in the presence of either the empty plasmid
pBBR1-MCS4 or pRH404. The requirement for a plasmid-
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borne copy of pdhS in a ApdhS strain demonstrates that pdhS
is essential for viability in B. abortus.

To test whether a fragment of PdhS is sulfficient to carry out
the essential functions of PdhS, two parts of the CDS were
inserted in pRHO003, coding for either the first 613 amino acids
(pRH405) or the last 424 amino acids (pRH406). These
constructs were used in our plasmid swap experiment. The
ApdhS strain was unable to replace the plasmid pRH232
by either pRH405 or pRH406 (Table II). On the other hand,
PRH232 could be easily cured from WT strain in the presence
of either of these plasmids. Therefore, these two parts of PdhS
cannot carry out separately the essential functions missing in
the ApdhsS strain, even if these parts of PdhS are functional
in other tests, such as Y2H and subcellular localization (see
below). Because of our inability to obtain a null mutant for
pdhS and the current absence of molecular tools allowing the
construction of depleted strains in Brucella spp, we decided
to study the effects of its overexpression. Indeed, overexpres-
sing an essential gene may give important information about
its functions, as it was successfully performed with the ctrA
gene of B. abortus (Bellefontaine et al, 2002). Overexpression
of pdhS generated the characteristic Y-shaped phenotype, but
also a high proportion of minicells in comparison to the WT
strain (Figure 3B). This minicell phenotype was very well
described in Escherichia coli (de Boer et al, 1989), where it is
due to the alteration of the MinCDE system, encoded by the
minB operon. Given that (i) the minB operon is a putative
target of CtrA in B. abortus (Bellefontaine et al, 2002),
(ii) CtrA proteolysis could be under the control of the DivK
regulatory network, as it is the case in C. crescentus (Hung
and Shapiro, 2002), and (iii) PdhS interacts with DivK and
could therefore control its activity, we evaluated the abun-
dance of CtrA in a pdhS™ " strain using immunoblot analysis
with anti-CtrA antibodies. The CtrA level was lower in
pdhS™ * strain compared with WT control (Figure 3C), sug-
gesting that CtrA abundance is indeed under the control of
Pdhs.

Altogether, these results suggest that PdhS has essential
functions in controlling some aspects of the B. abortus
division process, maybe through the control of CtrA activity.

PdhS is localized at one pole in B. abortus

The homology of B. abortus PdhS, PleC and DivJ with the
C. crescentus HK PleC and DivJ prompted the question of
whether these B. abortus proteins also display spatial regula-
tion in B. abortus. To address this question, we fused the CDS
of pleC, divJ and pdhS to yfp on the pRHO11 suicide vector and
introduced these constructions into the B. abortus 544 WT
strain. After a single recombination event at the correspond-
ing loci, the translational fusions were expressed from the
native promoters (XDB1105, XDB1107 and XDB1104 strains,
respectively). Using fluorescence microscopy, we observed
that PdhS-YFP accumulated at one pole in more than 90% of
the cells (Figure 4A). PleC-YFP was not polar in B. abortus.
However, surprisingly we observed that PleC-YFP was able to
localize either at mid-cell or at new poles (Figure 4B). This
ambiguity is due to the resolution of fluorescence micro-
scopy, as we cannot determine whether PleC-YFP appears
before or during the separation of daughter cells. The same
localization patterns were observed when PdhS or PleC was
fused to other fluorescent proteins (CFP and eGFP), or when
these translational fusions were expressed from low-copy
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plasmids (data not shown). The PdhS localization pattern
was also the same in the XDB1109 strain, in which the only
copy of pdhS expressed was the pdhS-yfp fusion (data not
shown). The fact that this strain is viable and does not
present any apparent morphological defects or growth delay
demonstrates that YFP fusion at the C terminus of PdhS is not
affecting PdhS essential functions. Control immunoblots with
anti-GFP and anti-PdhS antibodies performed on the XDB1109
strain revealed that the only protein detected was PdhS-YFP,
and that this fusion protein was stable (data not shown).
Finally, DivJ-YFP did not accumulate at any particular sub-
cellular location and appeared diffused when examined by
fluorescence microscopy (data not shown).

From pictures presented in Figure 4A, we hypothesized
that PdhS-YFP dynamically changes its spatial distribution
during the B. abortus cell cycle. To investigate this possibility,
we performed time-lapse fluorescence microscopy on XDB1104

ctrA* pdhS*

PdhS

CtrA

strain as illustrated in Figure 4C. The PdhS-YFP fluorescent
signal was concentrated at one pole. Following several cells in
the time-lapse experiment allowed us to determine that PdhS-
YFP was accumulating at the old pole of the large cells,
as opposed to the new pole originating from the last cell

Table II pdhS is an essential gene in B. abortus

PRH003

Strains® — pdhS pdhSe1 1035 DpdhS, 613
Wild type 100 96 100 94
ApdhsS 0 08 0 0

?The wild-type and ApdhS strains contained plasmid pRH232
(pRH002-pdhS) before swap experiments.

Values are expressed as percentages of swapping plasmid pRH232
(clones Amp®/Cm®, n=100) in WT and ApdhS backgrounds.

Figure 3 Morphotypes of the AdivJ and pdhS overexpressing strains. (A) DIC micrographs of the WT B. abortus 544 (WT) and AdivJ (XDB1102)
strains from mid-exponential cultures. Scale bar, 2 um. (B) DIC micrographs of the WT B. abortus 544 strain bearing the empty plasmid pBBR1-
MCS1 (WT pBBR1-MCS1, upper panel) and overexpressing pdhS (pdhS™ *, middle and lower panels). Black arrows indicate minicells. Black
arrowheads point to cells with abnormal morphology. Scale bar, 2 pum. (C) Western blot analysis of relative CtrA and PdhS protein levels in
strains overexpressing ctrA (ctrA™ *) and pdhS (pdhS™ ") in comparison to the wild-type strain (—).‘—’ Represents the empty vector pBBR1-

MCS1 (Kovach et al, 1995) in the WT strain.
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Figure 4 PdhS is dynamically localized at one pole of B. abortus through its N-terminal domain, whereas PleC localizes at mid-cell position.
(A) PdhS localizes at one pole of B. abortus. DIC and corresponding fluorescence images were taken of B. abortus cells producing PdhS-YFP
(XDB1104 strain). (B) BaPleC localizes at mid-cell in B. abortus. DIC and corresponding fluorescence images were taken of B. abortus cells
producing PleC-YFP (XDB1105 strain). (C) PdhS dynamically localizes at the old pole of B. abortus cells. A time-lapse microscopy experiment
was performed on the XDB1104 strain expressing pdhS-yfp by taking DIC and corresponding fluorescence images each 60 min. Arrows show
that polar fluorescence signal appears 60-120 min following the physical separation of the daughter cells. (D) The N-terminal domain of PdhS
is important for its polar localization. DIC and corresponding fluorescence images were taken of B. abortus cells producing PdhS;_g;3-YFP from

the low-copy plasmid pRH407. Scale bar, 2 um.

division. As the cells grew, PdhS-YFP remained localized at
the old pole until cell division was initiated. It is only after a
short time (about 60-120 min) following cell separation that
PdhS-YFP accumulated at the old pole of the small sibling
cells (arrows in Figure 4C). The same time-lapse sequence
with separated DIC and fluorescence fields is presented in
Supplementary Figure S8. Because of the very low growth
rate of B. abortus on an agarose pad at room temperature, we
could not follow more than one cell-cycle equivalent per
time-lapse experiment. These results strongly suggest that
PdhS-YFP accumulated at the old pole of B. abortus only
when the small progeny has differentiated into a stage
corresponding to the large cell.

The N-terminal portion of PdhS is sufficient for its polar
localization

As it was demonstrated for several polarly localized HK that
their N-terminal part was involved in their subcellular loca-
lization (Jacobs et al, 1999; Sciochetti et al, 2002), we
investigated the possibility that the large N-terminal part of
PdhS is sufficient for its polar localization. For this purpose,
we expressed the N-terminal (aa 1-613) part of PdhS in
fusion to YFP from the low-copy plasmid pRH407. As illu-
strated in Figure 4D, PdhS, 45-YFP was able to localize at
one pole of B. abortus despite the fact that the PAS, HisKA
and HATPase_c predicted domains were absent. The same

©2007 European Molecular Biology Organization

results were obtained with the XDB1108 strain, in which
pdhS;_e;3-yfp was integrated at the pdhS locus (data not
shown). These results suggest that the N-terminal domain
of PdhS is sufficient for polar localization in B. abortus. As the
N-terminal domain of PdhS is able to interact with the full-
length PdhS (Figure 2B) and a full-length copy of PdhS is
always present in all our strains because of the essentiality of
pdhS (Table 1I and data not shown), it is possible that the
PdhS;_63-YFP fusion is polarly localized through its inter-
action with the polar PdhS WT copy. However, the same
N-terminal domain of PdhS fused to CFP (PdhS,_g3-CFP) is
polarly localized in C. crescentus (data not shown), which
does not carry a close ortholog of pdhS. Taken together, our
data indicate that the N-terminal domain of PdhS is sufficient
for polar localization in C. crescentus and B. abortus.

PdhS colocalizes with DivK at one pole in B. abortus

As PdhS can physically interact with DivK and both proteins
localize at one pole in B. abortus, we postulated that DivK
and PdhS colocalize at the same pole, at least in a fraction
of B. abortus cells. To test this possibility, we introduced the
low-copy plasmid pRH324 producing PdhS-CFP into the
XDB1106 strain expressing a divK-yfp fusion at the divK
locus. We observed that DivK-YFP is located at the same
pole as PdhS-CFP (Figure 5), which is expected if PdhS is a
kinase or a phosphatase of DivK. Moreover, if PdhS controls
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Figure 5 DivK colocalizes with PdhS at one pole of B. abortus. DIC and corresponding fluorescence images were taken with B. abortus cells
from strain XDB1106/pRH324, coexpressing divK-yfp (red) and pdhS-cfp (green). An overlaid image shows the colocalization of both proteins
within same cells (yellow). White arrows indicate polar colocalization of PdhS and DivK. Scale bar, 2 um.

the phosphorylation state of DivK, we can predict that
the overexpression of pdhS could increase or decrease the
polar localization of DivK-YFP. Analysis of the subcellular
pattern of DivK localization confirmed this prediction
(Supplementary Figure S9). Indeed, compared to the WT
control, the pdhS overexpression strain keeps the polar
localization of a PdhS-YFP fusion and displays an increase
of the polar fluorescence signal of a DivK-YFP fusion
(Supplementary Figure S9). These results suggest that PdhS
could enhance the phosphorylation of DivK and its sub-
sequent polar localization.

The polar localization of PdhS is maintained during

a cellular infection

B. abortus is a facultative intracellular pathogen that encoun-
ters different environments during its life cycle. We therefore
tested the possibility that polar localization of PdhS would
be strictly dependent upon environmental stimuli absent in
infected cells. To this end, the localization pattern of PdhS-
YFP (XDB1104 strain) was monitored after infection of bovine
macrophages. At 48h post-infection, a polar fluorescence
signal was observed in nearly all intracellular bacteria
(Figure 6A). In contrast, a B. abortus strain expressing a
transcriptional fusion between the pdhS promoter and gfp
(PpdhS-gfp) gave a uniform and cytoplasmic fluorescence
signal after 48h of macrophage infection (Figure 6B), sug-
gesting that the dots observed in Figure 6A represent the
subcellular localization of PdhS-YFP. These observations
indicate that at this stage of infection, which corresponds to
a high rate of intracellular replication, PdhS-YFP is polarly
localized, as in the case of B. abortus growth in bacteriolo-
gical culture medium. These results suggest that the spatial
distribution of PdhS is an intrinsic feature of PdhS rather than
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a physiological response to environmental stimuli encoun-
tered by B. abortus.

PdhS is polarly localized in other a-proteobacteria

Recently we described that besides C. crescentus, at least
three other a-proteobacteria (S. meliloti, A. tumefaciens and
B. abortus) divide asymmetrically by generating two progeny
cells of different size (Hallez et al, 2004). PdhS has close
homologs in both S. meliloti and A. tumefaciens, that is,
predicted large (> 1000 aa) and cytoplasmic HK sharing 43 %
identity with PdhS over their whole length (Hallez et al,
2004). We investigated the possibility that B. abortus PdhS
could be polarly localized in species other than B. abortus, for
example, being associated with a polar structure conserved in
a-proteobacteria. To test this hypothesis, we introduced the
low-copy plasmid pRH324 expressing B. abortus pdhS fused
to ¢fp into S. meliloti. Interestingly, we found that PdhS-CFP
also accumulated at one pole in S. meliloti, probably the old
pole of the large cells (Figure 7A). This pattern of localization
is similar to the one described for B. abortus (Figure 4C). In
addition, we also observed that the same pdhS-cfp fusion
expressed in C. crescentus accumulated fluorescence at the
stalked pole (Figure 7B). Using a timecourse fluorescence
microscopy experiment performed on a synchronized popu-
lation of C. crescentus, we observed that PdhS-CFP (i) re-
mained associated with the stalked pole during all the cell-
cycle stages and (ii) accumulated at the flagellated pole, but
only after a short time following cytokinesis (data not
shown). Altogether, these results suggest that PdhS recog-
nizes a polar structure conserved in several a-proteobacteria,
even those lacking a close PdhS homolog except PleC and
DivJ, such as C. crescentus (Hallez et al, 2004). These data
also suggest that the old pole of a large cell of B. abortus and
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Figure 6 PdhS localizes at one pole of B. abortus cells during cellular infection. (A) DIC and corresponding fluorescence images were taken
with bovine macrophages after 48h of infection by the B. abortus strain expressing pdhS-yfp (XDB1104). (B) DIC and corresponding
fluorescence images were taken with bovine macrophages after 48 h of infection by the B. abortus WT strain expressing the transcriptional
fusion PpdhS-gfp from the plasmid pRH295. The LPS, representing the immunolabelling of the B. abortus lipopolysaccharide, the PdhS-YFP and
the PpdhS-gfp fluorescence signals are shown in red, yellow and green, respectively. Scale bar, 2 pm.

the old pole of a C. crescentus stalked cell (i.e. stalked pole)
share evolutionarily conserved characteristics.

Discussion

In this report, we describe the characterization of PdhS, a
bacterial HK with unusual features. Indeed, it is much larger
than other HK, cytoplasmic and essential. In bacteria, the
majority of HK are integral membrane proteins. It is therefore
not surprising that 18 out of 22 predicted HK of B. abortus
comprise putative transmembrane segments. Besides PdhS,
the CckA homolog, which in C. crescentus is anchored to the
membrane and required for CtrA phosphorylation (Jacobs
et al, 1999, 2003), seems to be also cytoplasmic in B. abortus
(Supplementary Figure S3). Essential HK are rather rare, as
examplified by the analysis of complete sets of knockout
B. subtilis and E. coli strains, which revealed that there are,
respectively, only one and none essential HK (Kobayashi
et al, 2003; Baba et al, 2006). On the other hand, the
systematic analysis of two-component signal transduction
systems in C. crescentus identified four essential HK out of
62 (Skerker et al, 2005). Interestingly, two of these four
essential HK, CckA and DivL are involved in the CtrA
regulatory pathway. It is possible that the essential functions
of PdhS in B. abortus is also dependent on CtrA. In S. meliloti,

©2007 European Molecular Biology Organization

the closer pdhS homolog, called cbrA, is not essential (Gibson
et al, 2006) and is involved in succinoglycan production.
However, as previously suggested (Hallez et al, 2004), there
are two PdhS homologs in S. meliloti, a long form (PdhS1)
and a short one (PdhS2), and it is possible that these two
proteins have redundant functions.

The functions of PdhS remain to be elucidated in detail,
but it is likely that PdhS is involved in cell division control, as
pdhS™ * strain exhibits cell cycle defects, including minicells.
In E. coli, the minB operon encodes MinC, MinD and MinE
proteins, and alterations of the minB operon produce mini-
cells (de Boer et al, 1989). This is particularly interesting
as PdhS is expected to control DivK phosphorylation, itself
probably involved in the regulation of CtrA, a transcriptional
regulator of the minB operon. Indeed B. abortus Hiss-CtrA
is able to bind to several sites in the minB promoter
(Bellefontaine et al, 2002), and the level of a MinE-GFP-
tagged protein is lower in a ctrA™ * strain (R Hallez, unpub-
lished data). In B. abortus, the products of the minB operon
probably play a similar role than their counterparts in E. coli,
as it was recently shown that a MinD-GFP fusion is able to
oscillate from pole to pole (Hallez et al, 2007). PdhS probably
controls the activity of CtrA indirectly. Indeed, it was recently
demonstrated in C. crescentus that the DivJ/PleC/DivK path-
way controls the activity of CtrA through the control of the
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Figure 7 PdhS localizes at one pole of S. meliloti cells and at the stalked pole of C. crescentus cells. DIC and corresponding fluorescence images
were taken with S. meliloti (A) or C. crescentus (B) cells producing PdhS-CFP from the low-copy plasmid pRH324. Scale bar, 2 pm.

CckA/ChpT phosphorelay, which itself regulates the phos-
phorylation and proteolytic turnover of CtrA (Biondi et al,
2006). The signal sensed by PdhS is unknown, it may be
intracellular as PdhS is cytoplasmic and its subcellular dis-
tribution is maintained during both extra- and intracellular
lifestyles of B. abortus.

Another particularity of PdhS is its polar localization in
B. abortus. The asymmetric distribution of PdhS in the late
predivisional cells implies that only the bigger cells inherit
polar PdhS. The nature of the segregated functions of PdhS is
presently unknown, but by homology to C. crescentus and
S. meliloti, it is likely that DivK phosphorylation and/or
distribution is affected by PdhS. Four observations are in
favor of this hypothesis: (i) polar localization of DivK is dependent
on its phosphorylation state, as the D53A mutation abolished
the ability of DivK to localize at the pole(s), (ii) the phos-
phorylation-dependent localization of DivK is not under the
control of PleC or DivJ, two other HK interacting with DivK in
the Y2H test, as DivK-YFP remains associated with the pole(s)
of B. abortus ApleC and AdivJ cells, (iii) DivK interacts with
PdhS in a Y2H experiment (Figure 2) and (iv) in the cells
where DivK-YFP is associated to one pole, PdhS-CFP coloca-
lizes with it at the same pole (Figure 5). PdhS, therefore,
constitutes the most likely candidate for the control of
phosphorylation and/or distribution of DivK. However, we
cannot exclude the possibility that DivJ and PleC act as
phosphatases of DivK in B. abortus, which should lead to
the accumulation of DivK at the pole(s) for example, or yet
that both these HK control the phosphorylation state of DivK
in other circumstances (e.g. in other culture media or during
intracellular infection). Unexpectedly, after division, the
small cells are mostly devoid of polar PdhS and as pdhS is
essential, it is possible that the small cells are not able to
enter into a new cell cycle as such, that is, without PdhS
polarly localized. It would therefore be likely that the small
cells must maturate, which would include the presence of
PdhS at one pole, before being able to produce progeny cells.
This model is analogous to the one described for C. crescentus
(Figure 8). Indeed, the C. crescentus swarmer cells must
differentiate into stalked cells to become competent for
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replication and division (Ausmees and Jacobs-Wagner,
2003; Quardokus and Brun, 2003). From the model proposed
in Figure 8, it is also striking that B. abortus PdhS presents a
subcellular localization very similar to the one described for
DivJ in C. crescentus. However, ..Div] and the N-terminal part
of PdhS do not share detectable similarity. The presence of
a supplemental HK potentially controlling the DivK activity
suggests an evolutionary plasticity for this regulatory net-
work. On the other hand, despite the fact that PleC is the
most conserved HK of DivK (Hallez et al, 2004), it does
present a completely different subcellular localization in
B. abortus and C. crescentus (Figure 8), again illustrating
the malleability of this network in the course of evolution.

As B. abortus PdhS is able to be polarly localized in
S. meliloti and C. crescentus, it is likely that a conserved
structure anchoring PdhS to the pole is present in these
bacteria. PdhS-YFP or PdhS-CFP is not polarly localized in
E. coli (J Mignolet, unpublished data). The nature of the polar
anchoring structure remains to be discovered. The conserva-
tion of such a structure indicates that polar specialization,
that is, the anchoring of particular functions to a bacterial cell
pole, may be an evolutionarily ancient trait, maybe already
present in the ancestor(s) of a-proteobacteria. This would
mean that bacterial differentiation is probably not a recent
acquisition in the course of evolution. Interestingly, conser-
vation of polar localization of a protein between bacterial and
eukaryotic species has been described for the B. subtilis
DivIVA protein, which is targeted to the poles of both
E. coli and notably Schizosaccharomyces pombe cells (Edwards
et al, 2000).

The fact that PdhS localization is maintained during an
intracellular infection indicates that polar specialization sug-
gested here is not restricted to B. abortus grown in bacter-
iological culture medium. Furthermore, polar structures may
be required for the appropriate function of virulence factors.
Indeed, it was reported that all A. tumefaciens VirB proteins
are polarly localized (Judd et al, 2005).

In several cell types, Brucellae invade and replicate in
professional and non-professional phagocytes by inhibiting
fusion between phagosome and lysosome, and subsequently
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Figure 8 Hypothetical model for B. abortus cell cycle (A) compared
with C. crescentus (B). The localization of PdhS and PleC is shown
for B. abortus, whereas the localization of PleC and DivJ is shown
for C. crescentus. The small (S) and large (L) cells are annotated for
B. abortus. Old (o) and new (n) poles are indicated for B. abortus
and C. crescentus.

creating an intracellular niche inside which they replicate
(Gorvel and Moreno, 2002; Celli et al, 2003). When intra-
cellular Brucellae avoid fusion with phago-lysosomes, they
do not replicate. A possible reason would be that only the
smaller progeny cells are able to successfully internalize
phagocytes and deviate the intracellular traffic. Once the
small cells reach the replication niche, they could differenti-
ate into larger ones capable of initiating active replication.
This would be in keeping with the fact that the small
B. abortus cells correspond to the swarmer cells of C. crescentus,
which are not competent for replication and must differentiate
into stalked cells before initiating a new round of replication.
It could also be proposed that several cell types have different
functions regarding the control of the host immune response.
The specific functions of each B. abortus daughter cell will have
to be studied further. Identifying Brucella spp proteins specifi-
cally located in one cell type or at one cell pole could help in
discovering functions segregated in the different cell types. The
availability of the complete collection of all the B. melitensis
predicted coding sequences (Dricot et al, 2004) constitutes a
powerful post-genomic resource for such identifications.
Asymmetric division was also observed in other host-
associated bacteria such as A. tumefaciens and S. meliloti
(Hallez et al, 2004). The work performed by Lam et al
(2003) to describe the subcellular localization of gyDivK
in S. meliloti and the evidence that PdhS-CFP is present
at one pole (probably the old pole of the large cells) in
S. meliloti (Figure 7A) support the functionality of the
asymmetric division of this symbiont. As Sinorhizobium
spp is also an intracellular bacterium like Brucella spp, it
is tempting to speculate that cell types generated by asym-
metric division play different role(s) for establishing
the complex host-bacteria relationship. Moreover, it is
known that S. meliloti goes through a differentiation program
during its intracellular lifestyle, that is, the formation
of bacteroids indispensable for symbiosis establishment,
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suggesting that more than two cell types may be produced
by this bacterium.

In conclusion, PdhS is the first polar differentiation marker
identified in B. abortus, a bacterium that was not suspected
to undergo asymmetric division until recently (Hallez et al,
2004). This suggests that cellular differentiation may be much
more widespread than previously expected in the prokaryotic
world.

Materials and methods

Strains, plasmids and media

All Brucella strains used in this study (Supplementary Table SII)
were derived from B. abortus 544 Nal® (spontaneous nalidixic
acid-resistant mutant), and were routinely cultivated in 2YT.
C. crescentus CB1SN was grown in peptone-yeast extract (PYE
complex media). S. meliloti was grown in Luria-Bertani (LB) broth
supplemented with 2.5 mM MgS0O, and 2.5 mM CaCl,. E. coli strains
DH10B (Invitrogen Life-Technologies), DB3.1 (Invitrogen Life-
Technologies), S17-1 (Simon et al, 1983), DHS (Bethesda Research
Laboratories) and MT616 (Finan et al, 1986) were cultivated in LB
broth. Antibiotics were used at the following concentrations when
appropriate: nalidixic acid, 25 pg/ml; kanamycin, 20 pg/ml; chlor-
amphenicol, 20 pg/ml; ampicillin, 100 pg/ml; gentamicin, 50 pg/ml.
Plasmids (Supplementary Table SII) were mobilized from E. coli
strain S17-1 into B. abortus and C. crescentus by bacterial
conjugation (Ely, 1991), and from E. coli strain DHS into S. meliloti
by triparental mating, as described previously by Glazebrook and
Walker (1991). Growth media and yeast genetic techniques have
been described previously (Sherman, 1991). Full details about the
Y2H assays are available in Supplementary data.

Molecular techniques

DNA manipulations were performed according to standard techni-
ques (Ausubel, 1989). The mode of construction of strains and
plasmids (Supplementary Table SII) as well as the sequences of all
primers is available in Supplementary data and in Supplementary
Table SI, respectively.

Plasmid swap experiment

To demonstrate the essentiality of pdhS, we developed a plasmid
swap experiment (Table II) based on the instability of two vectors
from the same incompatibility group in the same bacterial
population. For this, we first introduced by conjugation the plasmid
PBBR1-MCS4 and the pRH003 derivatives named pRH404, pRH405
and pRH406 (all derived from the pBBR1-MCS4 vector encoding
resistance to ampicillin) into B. abortus 544 WT/pRH232 and
B. abortus 544 ApdhS/pRH232 (XDB1103) strains. We selected only
the presence of pRH003-derived vectors with ampicillin. Then three
independent clones for each strain were cultivated in the presence
of ampicillin without chloramphenicol (required for the selection of
pRH232) during at least 10 generations and the cultures were on
2YT plates with ampicillin. Then, 100 colonies for each clone of
each strain were replicated onto 2YT-Amp and 2YT-Cm. Values
presented in Table II represent percentages of chasing plasmid
pRH232 (clones Amp®/Cm®, n=100).

Preparation of PdhS antibodies and immunoblotting
experiments

N-terminally hexahistidine-tagged PdhS lacking the first 610
N-terminal residues was expressed from the pET-15b vector (Nova-
gen) in E. coli BL21 (DE3) and purified as previously described
(Bellefontaine et al, 2002). Purified His-tagged protein was used as
an antigen to generate antibodies in rabbits as described for anti-
CtrA antibodies production (Bellefontaine et al, 2002).

Western blot analysis was carried out as described previously
(Dozot et al, 2006) with anti-PdhS and anti-CtrA sera at a dilution of
1/3000 and 1/2000, respectively. The monoclonal antibody anti-
GFP (JL8, BD Biosciences) was used at a dilution of 1/1000 to check
the stability of translational fusions to CFP, YFP and eGFP.

Microscopy
For fluorescence imaging, cell populations of B. abortus,
C. crescentus or S. meliloti strains were placed on a microscope
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slide that was layered with a pad of 1% agarose containing PBS
(Jacobs et al, 1999). Time-lapse microscopy was performed by placing
strain XDB1104 on a microscope slide that was layered with a pad of
1% agarose containing 2YT-rich medium. These slides were placed
on a microscope stage at room temperature (approximately 22°C).
Samples were observed on a Nikon E1000 microscope through
a differential interference contrast (DIC) x 100 objective with a
Hamamatsu Orca-ER LCD camera. Images were taken and processed
with Simple PCI (Hamamatsu).

Cellular infections and immunofluorescence labelling
Infections of bovine macrophages SV40 (Stabel and Stabel, 1995) by
B. abortus XDB1104 strain were performed as described previously
(Delrue et al, 2001). Anti-Brucella LPS O-chain monoclonal
antibody 12G12 (Cloeckaert et al, 1993) was used. The secondary
antibody used was Texas red-conjugated anti-rabbit IgG (Molecular
Probes).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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