caused by the suppression of presynaptic
Ca?* current at the calyx-MNTB synapse.
Direct modulation of the exocytotic ma-
chinery by mGluRs has been suggested from
the reduced frequency of spontaneous min-
iature synaptic current by mGluR agonists
(11); however, miniature frequency does
not always display a direct relation to
evoked transmitter release during presynap-
tic modulation (23). Although the possibil-
ity that washout may influence mechanisms
downstream of Ca’* currents cannot be
excluded from this whole-cell study, our
results strongly suggest that presynaptic
Ca?* channels are the main target for the
mGluR-mediated presynaptic inhibition at
the calyx of Held. Because P/Q-type Ca®*
channels mediate fast synaptic transmission
at a variety of central synapses (17) and
mGluRs are widely distributed in central
presynaptic terminals (24), modification of
the P/Q-type calcium channel may he a
general mechanism underlying presynaptic
modulation by mGluRs.
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Identification of an Asymmetrically Localized
Sensor Histidine Kinase Responsible for
Temporally and Spatially Regulated Transcription

James A. Wingrove and James W. Gober*

Caulobacter crescentus undergoes asymmetric cell division, resulting in a stalked cell
and a motile swarmer cell. The genes encoding external components of the flagellum are
expressed in the swarmer compartment of the predivisional cell through the localized
activation of the transcription factor FibD. The mechanisms responsible for the temporal
and spatial activation of FIbD were determined through identification of FIbE, a histidine
kinase required for FIbD activity. FIbE is asymmetrically distributed in the predivisional
cell. It is located at the pole of the stalked compartment and at the site of cell division
in the swarmer compartment. These findings suggest that FIbE and FIbD are activated
in response to a morphological change in the cell resulting from cell division events.

The generation of asymmetry is a critical
event in the developmental programs of
many organisms, including bacteria, yeast,
and multicellular organisms (1). Asymmet-
rical cell divisions can arise either as a
consequence of external influences on the
cell or as a result of intrinsic signals built
into the architecture of the cell. An intrin-
sically governed asymmetric cell division in
the bacterium Caulobacter crescentus pro-
duces two morphologically distinct progeny
cells: a stalked cell and a motile swarmer
cell with a single polar flagellum (2). Sev-
eral genes encoding external flagellar com-
ponents are preferentially transcribed in the
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swarmer compartment of the late predivi-
sional cell (3). Compartmentalized expres-
sion of late flagellar genes is attributable to
the swarmer pole—specific activation of the
transcriptional regulator protein FIbD (4).
Activated FIbD also functions as a
swarmer pole—specific repressor of the ear-
ly fliF promoter (5, 6). FIbD is homolo-
gous to a large family of two-component
response regulators (6), members of which
are active when phosphorylated on a con-
served aspartate residue (7). The activat-
ing phosphate is typically obtained from
sensor histidine kinases that are capable of
undergoing autophosphorylation, often in
response to an external environmental
cue. Once phosphorylated, histidine ki-
nases serve as phosphodonors for their
cognate response regulators.

A potential candidate histidine kinase
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for FIbD is encoded by fIbE, which lies
within the same operon as flbD (Fig. 1A)
and is essential for motility and the expres-
sion of late flagellar genes (6, 8). flbE en-
codes a 25-kD, apparently non-membrane-
bound protein with no sequence homology
to other known bacterial flagellar proteins.
Detailed analysis of the fIbE sequence, how-
ever, revealed that FIbE shares regions of
homology with two-component histidine
kinases (7, 8) (Fig 1A). To investigate
whether FIbE functions as the cognate ki-
nase for FIbD, we purified histidine-tagged
FIbE for biochemical assays (9) (Fig. 1B).
Purified His-FIbE was incubated in the pres-
ence of [y-*?PJATP (adenosine triphos-
phate) to determine whether FIbE can au-
tophosphorylate (10). In this reaction, a
phosphorylated product corresponding to
the molecular mass of FIbE was formed,
indicating that FIbE autophosphorylates.
The rate of FIbE autophosphorylation was
slow and reached maximal phosphorylation
after 120 min, perhaps indicating that FIbE
requires a cofactor or additional proteins to
enhance the rate of autophosphorylation.
Phosphoamidite residues such as phos-
pho-histidine, -arginine, or -lysine show a
distinct pattern of acid-base stability, in
which the phosphorylated residues are rel-
atively base-stable and acid-labile (11).
Phosphorylated FIbE was unstable under
acidic conditions, whereas it retained its

Fig. 1. Identification of FIbE as a histidine kinase.
(A) Schematic diagram of the C. crescentus fliF
operon. fliF encodes the flagellar M-ring, fiG and
fliN encode flagellar switch proteins, and fibD en-
codes a o> transcriptional regulator that activates
the expression of class Ill and IV flagellar promot-
ers (5, 6). fibE is predicted to encode a 25-kD
polypeptide with no homology to known flagellar
structural components. Shown below the operon
is a block diagram of the predicted flbE amino acid
sequence denoting the relative locations of re-
gions similar to other two-component histidine ki-

phosphate when incubated under basic con-
ditions (11) (Fig. 1C), suggesting that FIbE
is phosphorylated on a histidine residue—
results supported by its homology to two-
component histidine kinases. To examine
whether phosphorylated FIbE could serve as
a phosphodonor for FIbD, we incubated
[**PJFIbE under the same conditions as
above and then added purified FIbD to a
final concentration of 60 pM (10) (Fig.
1D). The results demonstrate that the phos-
phorylation of FIbD is dependent on the
presence of phospho-FIbE in the reaction
mixture. Purified FIbE protein in which the
conserved His®> residue was changed to an
Ala (H83A) is incapable of autophospho-
rylation (9, 10) (Fig. 1D). To test whether
phosphorylation of FIbD required the con-
served Asp®’ residue, we used a mutant
FIbD containing an Asp*’—Glu mutation

* (D52E) in a phosphorylation assay with

FIbE. Purified mutant FIbD cannot be phos-
phorylated by FIbE (9, 10) (Fig. 1D). [This
mutant protein also contains a Ser!*°— Phe
(S140F) mutation within the central do-
main. This change does not affect the abil-
ity of the protein to acquire phosphate from
its kinase.] These results indicate that FIbE
can function as a kinase for FlbD.

To determine whether FIbE is responsi-
ble for the compartment-specific activation
of FIbD, we took advantage of the fact that
FIbD serves as a swarmer compartment—

A fliF operon B
fliF fliG flbE fliN fibD
|7 X =" e
5 LRI
OH .’/ \\\
< AN
1 212

N I I 1 I, COOH

| I i1
\ | T LH N- ey
Input Transmitter domain
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specific repressor of the fliF promoter (5, 6).
Active FIbD specifically inhibits the expres-
sion of the fliF promoter by binding to the
promoter region (5, 6). If FIbE is required
for swarmer pole—specific activation of
FIbD, then strains lacking FIbE should ex-
hibit a loss of repression. The flbE mutant
strain UC3003 (12) exhibited a three- to
fourfold increase in fliF promoter expression
as assayed with a lacZ reporter fusion [9854

Fig. 2. FIbE is required ST SwW

for swarmer-compart- RS S

ment repression of the  f-Gal- S

fliF promoter. Wild-type
NA1000

(NA1000) or AfbE

(UCB003) C. crescentus ST SW

swarmer cells containing v

a fliF-lacZ transcriptional  f-Gal-

fusion were synchro- UC3003

nized by Ludox density
centrifugation. Swarmer cells were placed in fresh
M2 medium and were permitted to progress to
the late predivisional stage (120 to 150 min). Pro-
teins were labeled with 3°S-trans-label, the label
was chased with nonradioactive methionine, and
the cells were allowed to divide. After division, the
progeny swarmer and stalked cells were isolated
by Ludox centrifugation, and labeled B-Gal was
immunoprecipitated. After SDS-PAGE, the la-
beled proteins were visualized by fluorography.
The presence of labeled protein in the progeny
cells indicates the location of synthesis in the pre-
divisional cell.

nases. The NH,-terminal domain of ~52 amino acids has no homology to any known protein and is followed

by a glutamine-rich linker-like sequence. After the linker, within the so-called transmitter domain, are regions of

sequence similar to the transmitter domains of other two-component histidine kinases. Each conserved region
is designated with a letter after Kofoid and Parkinson (7). Region H, containing the conserved histidine residue

known to be the site of autophosphorylation (position 83 in FIbE), contains 6 out of 9 consensus residues.
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Region N (amino acid residues 142 to 153), an area important in both kinase and phosphatase activity, contains

8 out of 12 consensus residues (7). Regions G1 (amino acid residues 173 to 181) and F (aminc acid residues

1 2 3 4 5

184 to 188), thought to be involved in nucleotide binding (7), contain 5 out of 9 and 3 out of 5 conserved

residues, respectively. Another potential nucleotide binding region, G2, appears to be missing from FIbE. The spacing of these regions within the protein also
appears to be conserved in FIBE with respect to other histidine kinases. Sequences outside of these conserved regions vary among histidine kinases. In
addition, there are also examples of histidine kinases that apparently lack one or more of these conserved regions, and yet are capable of functioning as
histidine kinases in two-component systems (7). (B) (Left) Coomassie blue-stained gel showing the purified preparation of His-tagged FIbE. (Middie)
Immunoblot of purified FIbE with monoclonal antibody directed against the His-tag leader sequence. (Right) Autophosphorylation assay (70). Phosphoimage
of phospho-FIbE after incubation with [y-3?PJATP. FIbE does not autophosphorylate in the presence of [y-*?P]GTP (guanosine triphosphate) or [a-*P]dATP
(22). (C) Assay of acid-base stability of phospho-FIbE (7 7). The autophosphorylation assay was done as described (70). The protein was subjected to gel
electrophoresis, and the radioactive band was excised and exposed to either 0.2 N HCI, 1.0 N NaOH, or buffer as a control. After incubation, the gel slices
were subjected to Phospholmager analysis. FIDE phosphate is acid-labile and base-stable, indicating the presence of a phosphoamidite group such as
phospho-histidine (7 7). (D) Phospho-FIbE can stimulate the phosphorylation of FIbD (10). His-FIbE or His-FIbE"®3A was incubated with [y-**PJATP for 120 min
at 30°C. Purified FIbD or FIoDP52E/5140F \wag then added to one of the reaction mixtures, and incubation continued for 30 min. Each reaction was then
subjected to PAGE and analyzed by Phospholmager. Lane 1, FIbE alone; lane 2, FIbE followed by the addition of FIbD; lane 3, FIbD alone with [y-*PJATP;
lane 4, FIbE followed by the addition of FIbDP525=149F: and lane 5, FIbE"#3* alone.
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U of B-galactosidase (B-Gal) in the AfIbE
strain compared with 2514 U in wild-type
cells]. This increase in expression is compa-
rable to that observed in mutant strains
lacking FIbD (5, 8) and is similar to results
obtained by Newton and co-workers (8). To
address whether this increase in promoter
expression was due to the loss of swarmer
pole—specific repression, we assayed com-
partment-specific expression of a flif-lacZ
reporter fusion in a synchronized popula-
tion of C. crescentus predivisional cells (13).
The wild-type strain exhibited a normal
pattern of fliF promoter expression; the pro-
moter was expressed at high levels in the
stalked compartment and at relatively low
levels in the swarmer compartment (Fig. 2).
In marked contrast, the flbE mutant strain
exhibited equal levels of fliF promoter ex-
pression in both swarmer and stalked com-
partments (Fig. 2). These results suggest
that FIbE is responsible for the swarmer
compartment activation of FIbD.

Fig. 3. Localization of FIbE
by fluorescence microsco-
py (18). (A) Immunolocal-
ization of epitope-tagged
FIbE (FIbE-M2) showing
staining of fluorescein-con-
jugated secondary anti-
body (bright staining areas).
The arrows indicate stain-
ing at the midcell sites and
the poles. (B) Phase-con-
trast light micrograph of the
same field as in (A). (C) Im-
munolocalization of epitope-
tagged FIbE (FIbE-M2)
showing staining of strepta-
vidin-Texas red bound to
biotinylated secondary an-
tibody. The arrows indicate
staining at the midcell sites
and the poles. Out of 78
predivisional cells ob-
served, 18% exhibited
staining only at the pole.
Most predivisional cells ex-
hibited localization of FIbE-
M2 to the midcell site. Six-
ty-four percent showed
staining at both the midcell
and pole, and an additional
18% stained at the midcell
only. (D} Phase-contrast
light micrograph of the
same field as in (C). (E) Im-
munolocalization of epitope-

tagged FIbE (FIbE-M2) showing staining of fluorescein-conjugated sec-
ondary antibody (bright staining areas) in the presence of DiA. Stalks are
indicated by narrow, long arrows. (F) Immunolocalization of epitope-
tagged FIbE (FIbE-M2) showing staining of streptavidin—-Texas red bound
to biotinylated secondary antibody in cells costained with DiA. Arrows
indicate localized FIbE. (G) Visualization of membrane with DiA, showing
the same field as in (F). Stalks are indicated by the narrow, long arrow. (H)
Immunolocalization of epitope-tagged FIbE (FIbE-M2) showing staining of
streptavidin—Texas red bound to biotinylated secondary antibody in a

FIbD phosphorylating activity is under
cell cycle control, peaking at the time when
FIbD responsive genes ate either activated
or repressed (4). The levels of epitope-
tagged FIbE (FIbE-M2) (14), however, are
relatively constant throughout the cell cy-
cle (15). Thus, the temporal regulation of
FlbD-dependent genes cannot be ascribed
to fluctuations in the levels of FIbE. FIbE
may be activated in response to cell cycle
cues as well as to an asymmetrically gener-
ated signal in the predivisional cell. FIbE
may be specifically activated by a swarmer
compartment—specific signal or, alterna-
tively, may be held inactive by a signal
found in the stalked compartment. One
attractive possibility is that FIbE might re-
spond to a cell cycle change in cellular
morphology associated with cell division.
For example, during sporulation in Bacillus
subtilis, the serine phosphatase SpollE,
which controls the inactivation of an anti-o
factor within the forespore compartment, is
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specifically localized to the forespore sep-
tum (16). We reasoned that the subcellular
position of FIbE, like that of SpollE, might
reflect its role in compartmentalized gene
expression.

The subcellular distribution of FIbE-M2
was assayed by immunofluorescent micros-
copy (17). The distribution of FIbE-M2 var-
ied according to the cell type. In swarmer
cells, distinct regions of localization were
generally not observed, although a few cells
exhibited weak polar localization (Fig. 3H).
After the cells had progressed to the predi-
visional stage, many had FIbE concentrated
both at a single pole and at the mid-site of
the cell, in the compartment opposite that
of the polarly localized protein (Fig. 3, A
and C). Most predivisional cells (82%) ex-
hibited midcell localization either alone or
in combination with localization at the pole
(see legend to Fig. 3). In cells containing
fluorescently marked membranes (17),
which includes the stalk, the polarly local-

purified swarmer cell population. (I) B-Gal staining of streptavidin—-Texas
red bound to biotinylated secondary antibody. (J) Immunolocalization of
epitope-tagged methyl-accepting chemotaxis receptor (McpA-M2) show-
ing staining of streptavidin—Texas red bound to biotinylated secondary
antibody. Arrows indicate polar localization. (K and L) Immunolocalization
of epitope-tagged FIbE (FIbE-M2) showing staining of streptavidin-Texas
red bound to biotinylated secondary antibody in class il flagellar mutant
fiiP::Tn5 (SC1048) and AfiiF (LS1298) -(23), respectively. Arrows indicate
regions of localization along the cell length.
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ized protein resided within the stalked com-
partment, whereas FIbE-M2 at the midcell
site appeared to be within the smaller
swarmer compartment (Fig. 3, E to G). As
controls, we assayed the distribution of two
proteins. $-Gal was found evenly distribut-
ed in all cell types (Fig. 3I), whereas a
methyl-accepting chemotaxis receptor-M2
fusion (18) was shown to be polarly local-
ized (Fig. 3]).

We also examined the subcellular local-
ization of FIbE-M2 in class Il flagellar mu-
tant backgrounds that have a characteristic
defect in proper cell division, resulting in
the formation of filamentous cells. In both
SC1048 (a fliP mutant strain) and LS1298
(a strain lacking the M-ring), FIbE-M2 lo-
calized to discrete regions that might be
potential cell division sites, in addition to
being found at the pole (Fig. 3, K and L).
These results suggest that FIbE is recogniz-
ing some cellular “landmark” found at both
the pole and midcell site.

We next examined whether the localiza-
tion of FIbE was responsible for the activa-

cause the NH,-terminal input domain of
this class of protein is responsible for sens-
ing environmental cues, we reasoned that a
dominant negative mutant of FIbE could be
constructed by fusing this domain to a par-
tially deleted B-Gal gene (19). The result-
ing fusion had no B-Gal activity. This flbE-
lacZ fusion (A6Z) was introduced into wild-
type C. crescentus on a multicopy plasmid
(20). As with epitope-tagged FIbE, the fu-
sion protein was localized to the midcell
and the poles of predivisional cells and
appeared to decrease the localization of
FIbE-M2 when expressed in the same strain
(Fig. 4A). This result indicates that the
NH,-terminal input domain is sufficient to
direct the localization of FIbE and can com-
pete for binding with FIbE-M2. We then
examined whether expression of the fusion
protein affected the expression of FlbD-
regulated promoters (Fig. 4B). Cells con-
taining the fusion protein exhibited at least
a 50% decrease in the expression of fjK and

fiL, two promoters that are activated by

FIbD. Likewise, the fliF promoter, which is
repressed by FIbD, showed an increase in

expression (Fig. 4B). Pole-specific tran-
scription of fK was then assayed in cells
expressing the FIbE-LacZ fusion (Fig. 4C).
In wild-type cells, expression of a fliK-lacZ
transcription fusion in the swarmer com-
partment was ~ninefold as high as that in
the stalked cell compartment of predivi-
sional cells. In contrast, expression of the
fiK-lacZ reporter fusion in the swarmer
compartment of cells containing the FIbE-
LacZ fusion protein was only threefold as
high as that in the stalked cell compart-
ment. Thus, cells expressing the FIbE-LacZ
fusion are impaired in their ability to acti-
vate swarmer pole—specific transcription of
FIbD-dependent promoters. These results
suggest that the expression of the FIbE-LacZ
fusion protein interferes with the activation
of FIbD by competing with wild-type FIbE
for binding at specific sites in the predivi-
sional cell.

In bacterial two-component regulatory
systems; an environmental cue often trig-
gers a sensor histidine kinase to autophos-
phorylate. By analogy, we propose that FIbE
senses an internal cue, a cell cycle alter-

tion of the transcription factor FlbD. Be-

B c swW SW/ST
Units of B-Gal activity * 9.4
Promoter [-Gal- — "
NA1000 NA1000
AGZ NA1000
fjK-lacZ
fliK 3238 1278 ST swW
fiiL 3053 1592
fiiF 1436 1985 8-Gal- — 27
NA1000

fliK-lacZ A6Z

Fig. 4. Localization of FIbE is required for proper spatial expression of FloD-
regulated promoters. (A) (Left) Immunolocalization of a fusion protein con-
sisting of the NH,-terminal 52 amino acids of FIbE with a truncated B-Gal
gene (ABZ ) showing staining of streptavidin-Texas red bound to biotinylated
secondary antibody. Arrows indicate localization at the midcell and pole. This
fusion is recognized by the monoclonal antibody to B-Gal but is enzymatically
inactive. (Middle) Immunolocalization of A6Z showing staining of streptavidin-
—Texas red bound to biotinylated secondary antibody in the presence of
FIbE::M2 being expressed from the plasmid pMR4. Arrows indicate localiza-
tion at the pole. (Right) Same as middle panel, visualizing the distribution of
FIbE::M2 being recognized by fluorescein-conjugated secondary antibody.
Note the decrease of FIbE::M2 localization in the presence of A6Z. The
positive localization controls for this experiment are shown in Fig. 3, Eand F.
(B) Effect of FIbE::LacZ (A6Z ) on expression levels of FlbD-regulated promot-
ers. The ABZ fusion was introduced into wild-type NA1000 cells containing
either fliK-lacZ, fljL-lacZ (two promoters activated by FIbD) or fliF-lacZ (a
class |l promoter repressed by FlbD) transcription fusions (23). B-Gal ac-
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tivity was assayed in each of these strains. Expression levels in these strains
are compared to those obtained in wild-type NA1000 cells expressing only
wild-type fIbE. Unit activity represents the mean values obtained with three
cultures on which the assay was performed in duplicate. (C) Effect of
FIbE::LacZ (ABZ) on swarmer compartment expression of K. Swarmer
compartment expression of a fjK-lacZ transcriptional fusion was assayed in
wild-type cells (NA1000) or cells containing the A6Z fusion. The assay was
performed as described in Fig. 2. The ratio of labeled B-Gal in the progeny
swarmer and stalked cells was obtained by densitometry. (D) Model depict-
ing the relation between FIbE localization and FIbD activation. In predivisional
cells, FIbE becomes concentrated at the midcell site and the pole. We
hypothesize that the FIbE located at the midcell site becomes active to
transfer phosphate to FIbD, because most predivisional cells (82%) exhibit
staining at the midcell location (see text). Late in the cell cycle, the midcell-
localized FIbE is trapped in the swarmer compartment. This conclusion is
based on membrane and stalk staining and the relative size of the two
compartments late in the cell cycle. Therefore, later in the cell cycle after the
formation of the cell division plane, active FIbE at the midcell site phosphor-
ylates only those molecules of FIbD within the swarmer compartment. FIDE
localized at the stalked pole is apparently unable to transfer phosphate to
FibD. It is possible that FIbE is held in an inactive conformation at this pole or
that an as-yet-unidentified stalked pole-specific phosphatase activity may
exist. We hypothesize that these events result in swarmer compartment-
specific expression of late flagellar promoters and repression of the early fliF
operon promoter.
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ation in the cell morphology, which results
in the activation of temporal and spatial
transcription of flagellar genes (Fig. 4D).
We envision that the FIbE input domain
associates with a protein or cellular struc-
ture involved in cell division. This idea is
consistent with the observed midcell and
stalked pole localization pattern. Cell divi-
sion machinery is likely to be present at
both cellular locations: at the midcell,
where cell division actually oceurs, and at
the stalked pole, where stalk biogenesis re-
quires new cell wall growth. Late in the cell
cycle, we hypothesize that FIbE located at
the midcell is activated and, as a conse-
quence of cell division, is eventually
trapped in the swarmer compartment of the
predivisional cell (Fig. 4D). FIbE localized
to the stalked pole is apparently unable to
activate FIbD. One possibility is that local-
ization determinants at the stalked pole and
midcell are not sufficient to activate FIbE,
suggesting that a distinct signal, perhaps
initiation of a midcell division event, is
required for FIbE activation. In this in-
stance, the localization of FIbE to the
stalked pole may serve as a way of seques-
tering FIbE from the activation signal at the
midcell site. Alternatively, other factors
such as a FIbD-specific phosphatase activity
may be present at the stalked pole.

Chfomosome partitioning or septum for-
mation are two cell cycle events that could
be utilized by bacterial signal transduction
systems to govern temporal and spatial gene
expression. This possibility is evident dur-
ing B. subtilis sporulation, in which asym-
metric septum formation is coupled to
SpollE-directed activation of forespore-spe-
cific transcription (16). These events may
also regulate the activity of the C. crescen-
tus response regulator CtrA, which has a
role in controlling both DNA replication
and the transcription of early flagellar genes
(21). We propose that the temporal and
spatial activation of FIbD and FIbE, a two-
component signal transduction system, is
triggered by early cell division events. The
coupling of FIbE and FIbD activation to cell
division would serve to coordinate the as-
sembly of the flagellum with the genesis of
a daughter swarmer cell.
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