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Upon starvation, Bacillus subtilis cells switch from growth to sporulation. It is believed that the N-terminal
sensor domain of the cytoplasmic histidine kinase KinA is responsible for detection of the sporulation-specific
signal(s) that appears to be produced only under starvation conditions. Following the sensing of the signal,
KinA triggers autophosphorylation of the catalytic histidine residue in the C-terminal domain to transmit the
phosphate moiety, via phosphorelay, to the master regulator for sporulation, Spo0A. However, there is no
direct evidence to support the function of the sensor domain, because the specific signal(s) has never been
found. To investigate the role of the N-terminal sensor domain, we replaced the endogenous three-PAS repeat
in the N-terminal domain of KinA with a two-PAS repeat derived from Escherichia coli and examined the
function of the resulting chimeric protein. Despite the introduction of a foreign domain, we found that the
resulting chimeric protein, in a concentration-dependent manner, triggered sporulation by activating Spo0A
through phosphorelay, irrespective of nutrient availability. Further, by using chemical cross-linking, we
showed that the chimeric protein exists predominantly as a tetramer, mediated by the N-terminal domain, as
was found for KinA. These results suggest that tetramer formation mediated by the N-terminal domain,
regardless of the origin of the protein, is important and sufficient for the kinase activity catalyzed by the
C-terminal domain. Taken together with our previous observations, we propose that the primary role of the

N-terminal domain of KinA is to form a functional tetramer, but not for sensing an unknown signal.

Bacterial cells are directly exposed to the environment.
Hence, they must sense and respond rapidly to changes in their
local environment in order to survive. One prevailing strategy
to overcome this problem is to utilize the two-component sys-
tem composed of a sensor histidine kinase (HK) and a re-
sponse regulator (RR) (35, 41). In the most typical case, the
HK is a transmembrane protein with the N-terminal sensor
domain often situated in the extracytoplasmic compartment,
such as the periplasm, inner or outer membrane, or even ex-
tracellular space, and the C-terminal autokinase domain, con-
taining a conserved phospho-accepting histidine residue, nor-
mally resides in the cytosol (8, 35, 41). In contrast, the RR
comprises a regulatory domain that includes a phospho-accept-
ing aspartate residue at the N terminus, followed by an asso-
ciated effector domain typically containing a DNA-binding mo-
tif, so that it becomes active as a transcription factor upon
phosphorylation. Thus, using these two components, various
environmental signals can be detected by the HK and trans-
mitted as phosphate groups to the RR for cellular adaptation.

The individual sensor domains of HKs are highly variable
and thus lack sequence homology with other HKs (8, 44, 45).
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Therefore, it is believed that a variety of environmental signals
can be detected, with a high degree of sensitivity and specific-
ity, by the unique amino acid sequence motif localized in the
sensor domain. In fact, two-component systems have been
found in diverse sensory processes, including sporulation, che-
motaxis, osmolarity, metabolism of oxygen, nitrogen, and phos-
phate, induction of transport systems, and light and tempera-
ture sensing (1, 5, 24-26, 30, 33, 34, 36, 42, 49).

Among these sensory systems in bacteria, sporulation in
Bacillus subtilis is not controlled by a simple two-component
system, but an expanded version using four components,
termed a phosphorelay (25, 26, 36). The phosphorelay is com-
prised of the primary sensor histidine kinase, KinA, two inter-
mediate phosphotransferases, SpoOF and Spo0B, and the ulti-
mate response regulator, Spo0OA, as the master transcription
factor (3). Under nutrient starvation culture conditions, KinA
autophosphorylates followed by a transfer of a phosphate moi-
ety to Spo0A in a His-Asp-His-Asp sequence through a four-
component phosphorelay. When the active phosphorylated
form of Spo0A (Spo0A~P) reaches a certain concentration,
the cells start to divide asymmetrically to give rise to two
distinct cell types, a smaller forespore and a larger mother cell
(6, 15).

During that process, SpoOA~P works by directly or indi-
rectly activating or repressing the transcription of hundreds of
genes (13, 31). Among them, genes that do not contribute to
sporulation directly (e.g., competence, cannibalism, and bio-
film) are activated at early times with a low dose of Spo0A~P,
while genes that play a direct role in sporulation, such as
spollG (an operon for the synthesis of o, the mother cell-
specific sigma factor) and spolIA (an operon for the synthesis
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of of, the forespore-specific sigma factor), are activated at
later times with a high dose of SpoOA~P. Thus, the progressive
increase in the activated Spo0A (Spo0A~P) explains the tem-
poral and spatial expression patterns of the low- and high-
threshold SpoOA-regulated genes (15, 18).

Genes for phosphorelay components are also the subject of
Spo0A control both directly and indirectly (19, 25, 43). When
the phosphorelay starts to be activated in sporulating cells, the
low concentration of SpoOA~P results in repression of tran-
scription of the abrB gene, which encodes a transcription reg-
ulator, AbrB. Transcription of the gene (sigH, also known as
spoOH) for ¢!, an alternative o subunit of RNA polymerase
(RNAP), is negatively regulated by AbrB, and thus the de-
crease in the level of AbrB protein leads to derepression of the
transcription of the sigH. The subsequent increase in the con-
centration of o™ RNAP leads to transcription of genes for
KinA, Spo0F, and Spo0A. In addition to o' RNAP, Spo0A~P
also acts as the positive regulator for the transcription of spoOF
and spo0A. Therefore, Spo0A, per se, is subject to control at the
level of its synthesis by a self-reinforcing closed cycle in the
phosphorelay network (4, 19). The nature of the initial event of
this regulatory circuit is not known.

Although the individual sensor domains of HKs are unique,
recent studies have revealed the PAS domain as one of the
representative structural motifs found in the sensor domains
(21, 45). The PAS domain, which is highly variable at the
sequence level but structurally conserved, was initially identi-
fied as a common motif among the Drosophila melanogaster
clock protein PER, mammalian ARNT (a dimerization partner
of the dioxin receptor), and SIM (the product of the single-
minded gene) (7, 21, 32). The PAS domain is now known to be
involved in the protein-protein interaction and, in some cases,
also in the binding of small ligands (44, 45). However, how the
PAS domains function to activate the HK in response to ligand
binding has been largely unknown (41, 44). In this regard, it is
believed that the autophosphorylation activity of KinA is in-
duced when the N-terminal sensor domain, containing three
PAS domains, receives a hypothetical signal(s) that originates
only under starvation conditions, and thus this “signal-sensing”
step is crucial to trigger the sporulation phosphorelay (38).
However, KinA does not have a transmembrane domain and
localizes in the cytosol, suggesting that the sensor domain
recognizes the signal(s), which might be transported from the
nutrient-limited environment to the cytosol or synthesized en-
dogenously in response to starvation (25, 26, 36). More impor-
tantly, no starvation signal(s) of either an extracellular or in-
tracellular nature acting directly on KinA has been identified.
Thus, the molecular mechanisms of the signal sensing by the
cytoplasmic KinA and the subsequent signal transduction by
the phosphorelay system are not fully understood.

To address these problems, several studies using primarily
biochemical approaches have been attempted, but the results
are conflicting, perhaps due to the different methodologies
employed. Stephenson and Hoch claimed that in an in vitro
system, ATP bound to the most-N-terminal PAS-A domain,
and it might not serve as a signal but rather as a phosphate
source for the phosphorylation at the histidine residue in the
C-terminal domain (39). Lee et al. reported that amino acid
substitution mutations in the PAS-A domain affected the ac-
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tivity of KinA, suggesting that PAS-A is required for the kinase
activity (28).

More recently, our in vivo studies showed that (i) the most
N-terminal PAS domain of KinA (PAS-A), which was origi-
nally believed to be essential for signal sensing (28, 39), is
dispensable (11, 12); (ii) induction of the synthesis of KinA
beyond a certain level results in the increase of Spo0A activity
above the threshold, thereby allowing sporulation to proceed
efficiently, irrespective of nutrient availability (10). These re-
sults suggest that the activity of KinA is not regulated in re-
sponse to the unknown sporulation signal(s), but rather by a
threshold level of the kinase, which is primarily important for
entry into sporulation. Currently, the control mechanism(s)
responsible for the increase in the KinA protein level during
sporulation is unclear.

Toward conclusive determination of whether the N-terminal
“sensor” domain of KinA indeed acts as the true sensor for an
unidentified sporulation-specific signal(s), here we report the
replacement of the N-terminal domain of KinA with an unre-
lated protein segment containing two PAS domains, the N-ter-
minal domain of YdaM derived from Escherichia coli (48). We
found that the resulting chimeric protein, YdaMy-KinAg,
formed a tetrameric homocomplex, as was observed for KinA
(12), and triggered a massive entry into sporulation, irrespec-
tive of nutrient availability and in a manner dependent on the
concentration of the chimeric kinase, which is consistent with
our threshold model (10).

MATERIALS AND METHODS

Strains, plasmids, and oligonucleotides. All B. subtilis strains (see Table S1 of
the supplemental material) were derived from the prototrophic strain PY79 (51).
Details of the constructions are available upon request. All plasmid constructions
were performed in Escherichia coli DH5« using standard methods. The E. coli
BL21(DE3) pET vector system (Novagen) was used for protein overexpression.
The plasmids used in this study are listed in Table S2 of the supplemental
material. Oligonucleotides used for plasmid construction are listed in Table S3 of
the supplemental material.

Media and culture conditions. To induce the synthesis of KinA, the chimeric
protein, or green fluorescent protein (GFP) under the control of the isopropyl-
B-p-thiogalactopyranoside (IPTG)-inducible hyper-spank promoter (Ppy_spank)
(16) in the engineered B. subtilis cells, IPTG was added to Luria-Bertani (LB)
cultures during the exponential growth phase (optical density at 600 nm [ODy],
0.5) as the rich medium conditions. To induce protein synthesis under normal
sporulation conditions, the engineered cells were grown in casein hydrolysate
(CH) medium at 37°C. At the mid-exponential phase of growth (ODg, 0.5) in
CH medium, cells were suspended in Sterlini-Mandelstam (SM) medium (40)
supplemented with IPTG.

Sporulation efficiency and B-galactosidase assays. Sporulation efficiency was
determined in 16-h cultures as CFU per milliliter after incubation at 80°C for 10
min compared with the CFU of the pre-heat treatment sample. Assays of B-ga-
lactosidase activity were performed as described previously (12).

Immunoblot analysis. Whole-cell lysates for immunoblot analysis were pre-
pared by sonication. Immunoblot analysis was performed as described previously
(12). Polyclonal rabbit antibodies against GFP (17) were used to detect GFP-
tagged proteins. o was detected by a polyclonal rabbit anti-o” antibdoy and
served as an internal standard control (14).

Protein cross-linking. Protein cross-linking with bis-maleimidohexane (BMH;
Pierce) was performed as described previously (12).

Protein purification. All His-tagged proteins were expressed in E. coli
BL21(DE3). All proteins except YdaMy-KinA¢ were soluble, and thus purifi-
cation steps were carried out at 4°C as described previously (18, 20). Renatur-
ation of YdaMy-KinA from the inclusion body and the following purification
steps were performed as described previously (20).

In vitro phosphorylation. Phosphorylation reactions were performed as de-
scribed previously (18).
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TABLE 1. Induction of synthesis of YdaMy-KinA( triggers sporulation in LB medium

YdaMy-KinA~* KinA?
IPTG concn (pM) CFU/ml CFU/ml

Efficiency” Efficiency”

Viable cells Spores Viable cells Spores
0 3.3 % 108 2.1 % 10° 6.4 % 10°° 4.5 % 108 2.6 X 10° 58x107*
10 4.5 % 108 4.5 x 10* 1.0 x 107* 3.2 X 108 1.5 x 108 47 x 107"
50 45 % 108 2.7 X 10° 6.0 x 1074 1.1 x 108 6.7 X 107 6.1x 107"
100 1.8 X 108 3.4 % 10° 1.9 X 1072 5.0 X 108 3.2 x 107 6.4 X 1072
200 1.7 x 108 2.9 % 107 1.7x 107! 5.0 X 108 3.0 x 107 6.0 X 1072
500 1.1 x 108 5.5 % 107 50x 107! 4.9 x 108 3.1 x 107 6.3 X 1072

“ Strains used were MF4254 (YdaMy-KinAc) and MF4253 (KinA). Both strains harbor the P,,,;.4-lacZ reporter and were also used for the experiments shown in

Fig. 1.

? Sporulation efficiency was determined in 16-h cultures, as CFU/ml after heat treatment by incubation at 80°C for 10 min, compared with CFU/ml in the pre-heat

treatment sample.

Microscopy. Cells expressing GFP were examined by fluorescence microscopy
as described previously (12). The microscope system control and image process-
ing were performed using SlideBook image analysis software (Intelligent Imag-
ing Innovations, Inc.).

RESULTS AND DISCUSSION

Induction of the synthesis of the chimeric protein triggers
sporulation. Based on our prior results (10-12), we hypothe-
sized that if the sensor domain of KinA were replaced with a
domain that is unrelated to sporulation but involved in
tetramer formation, the resulting chimeric protein would be
active as a kinase to trigger sporulation in a concentration-
dependent manner, irrespective of nutrient availability.

To test this hypothesis, we constructed a chimeric protein in
which the three N-terminal PAS domains of KinA were re-
placed with an amino acid sequence possibly involved in pro-
tein-protein interactions but derived from an unrelated bacte-
rial species. By using the help of an E. coli genome database
(E. coli wiki) in combination with the SMART (simple modu-
lar architecture research tool) online tool (37), we identified
YdaM, which carries an N-terminal domain containing two
PAS domains. YdaM exhibits diguanylate cyclase (DGC) ac-
tivity in vitro that produces bis-(3'-5")-cyclic-diguanosine
monophosphate (c-di-GMP) from GTP and plays an antago-
nistic role in the expression of the biofilm-associated curli
fimbriae (48). The catalytic activity resides in the C-terminal
GGDEF domain of the protein. Thus, as a first attempt, we
constructed a chimeric protein in which the N-terminal domain
of KinA was replaced with an N-terminal domain of YdaM,
which does not contain the catalytic active site of DGC. Then,
we examined the functionality of the YdaM-KinA chimeric
protein in vivo.

To reduce the possible variation in the level of gene expres-
sion among the constructs (e.g., regulation at the transcrip-
tional or translational level) and to analyze the structure-func-
tion relationship of the chimeric protein in comparison with
KinA, the genes for YdaMy-KinA. and its derivatives were
placed under the control of an IPTG-inducible hyper-spank
promoter (Ppy g,ani), followed by a sequence including the
optimal ribosome-binding site in B. subtilis, as was reported for
KinA (12, 17). Then, each of the resulting genes was intro-
duced into the nonessential amyE locus of the chromosomal
DNA as a single copy. To avoid the phosphate transfer from
the endogenous KinA and another sporulation kinase, KinB

(46), these two genes were knocked out in all the strains used
for this assay. Thus, in this genetic background (AkinA4 and
AkinB), the true activity of the chimeric protein as the sporu-
lation kinase could be examined in comparison with the wild-
type (KinA) control.

First, we examined the influence of the concentration of
IPTG on the efficiency of sporulation under nutrient-rich con-
ditions in LB medium, under which the starvation signal is
presumably absent (10). Cells expressing the YdaMy-KinA,
protein (here referred to as the YdaMy-KinA strain) sporu-
lated with high efficiency (~10~" [spores per viable cells])
when the protein synthesis was induced by increasing the con-
centration of IPTG (Table 1). By inducing with at least 200 puM
IPTG, the sporulation efficiency was comparable (in a range of
107") to that of the sporulating wild-type cells under normal
sporulation conditions in SM medium. We note that the abso-
lute number of spores in the YdaM-KinA strain was approx-
imately 10% (~107/ml) of that in the wild-type strain (which
lacked the IPTG-inducible construct), and the number of via-
ble cells of the YdaMy-KinA strain decreased in an IPTG
concentration-dependent manner, although the reason for the
reduced viable number in this strain is not clear. The sporula-
tion efficiency of YdaMy-KinA became similar to that of the
wild-type strain, as described above (Table 1). In contrast,
without IPTG, the sporulation efficiency was significantly low
(~107). Under the same culture conditions, a strain express-
ing KinA under the same expression system as that of the
YdaM-KinA_ strain (here referred to as the KinA strain) was
examined as a control (12). The results indicated that, at 10
uM IPTG, sporulation was induced to the same levels as in the
sporulating wild-type strain (~107") (wt; that is, lacking the
IPTG-inducible construct), while sporulation was not effi-
ciently induced without IPTG (~10~%) as reported previously
(Table 1) (11, 12). The wild-type strain, which lacks the IPTG-
inducible construct, showed a significantly low level of sporu-
lation efficiency under nutrient-rich conditions in LB medium
(~1077) as observed previously (data not shown) (10). Next,
we confirmed that inducing the synthesis of the N terminus of
YdaM (YdaMy) showed no significant effect on triggering
sporulation under the same culture conditions (~10~° sporu-
lation efficiency) (data not shown). As we already reported (11,
12), a strain expressing the C-terminal autokinase domain of
KinA preferentially accepts phosphate from SpoOF~P in a
reverse phosphotransfer reaction, resulting in an inability to
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TABLE 2. Induction of synthesis of YdaMy-KinA and effect on sporulation in SM medium

YdaMy-KinA” KinA® Wild type
IPTG (pM) CFU/ml CFU/ml CFU/ml
Efficiency” Efficiency” Efficiency”
Viable cells Spores Viable cells Spores Viable cells Spores

0 3.8 X 10® 2.7 X 10% 71X 107!
10 1.2 x 10® 50x 10" 42x1077 3.0 X 108 1L7x10%  57x10°! — — —
20 1.3 x 108 3.1 X 107 24x10°° — — — — — —
50 2.9 X 108 6.6 X10*  23x10°* — — — — — —
100 4.2 x 10% 4.8 X 10° 1.1 X102 — — — — — —
200 3.1 %108 53x107  1.7x107! — — — — — —

“ Strains used were MF4254 (YdaMy-KinAc), MF4253 (KinA), and MF4276 (wt). All strains harbor the P,,,;.4-lacZ reporter and were also used for the experiments

shown in Fig. 1.

? Sporulation efficiency was determined in 16-h cultures, as CFU per ml after heat treatment by incubation at 80°C for 10 min, compared with CFU of the pre-heat

treatment sample. —, not determined.

trigger massive entry into sporulation. These results indicate
that the individual N- and C-terminal domains (YdaM, and
KinAg, respectively) are not functional when expressed alone,
but sporulation is triggered efficiently only when the fused
chimeric protein is produced.

Second, we repeated the above experiments, but this time
under starvation conditions in SM medium. As shown in Table
2, we obtained essentially the same results as those under
nutrient-rich conditions in LB medium. These results indicated
that when the YdaM-KinA chimeric protein is expressed to
a certain level, it is functional, if not fully but at least partially,
to trigger sporulation, irrespective of starvation signal.

Spo0A, the master regulator for entry into sporulation, is
activated by the YdaMy-KinA. chimeric protein through
phosphorelay. We predicted that YdaMy-KinA. would func-
tion as a kinase. Due to technical limitations for direct mea-
surement of the histidine autokinase activity in vivo, a reporter
system consisting of the B-galactosidase gene (lacZ) fused to
the SpoOA-directed promoter is widely used as an indirect
measurement of the activity (12, 16). For this, we constructed
a reporter system in which lacZ gene expression is driven by
the Spo0OA-dependent spollA promoter (23). We then intro-
duced the reporter system into a strain that carried the IPTG-
inducible YdaMy-KinA to examine 3-galactosidase activity in
the presence of various concentration of IPTG. As a control,
the KinA strain was examined under the same conditions as
those for the YdaM-KinA( strain. Using these systems, we
examined the kinetics of Spo0OA activation as an indirect as-
sessment of the kinase activity when the synthesis of YdaM-
KinA was induced with IPTG. The wild-type strain, which
lacks the IPTG-inducible construct, served as another control.

During the course of experiments, we detected the reporter
activity in the YdaMy-KinA( strain at relatively low levels at
early times (~2 h), but the activity became significant at later
times (~5 h) after IPTG addition (200 uM) under nutrient-
rich conditions in LB medium (Fig. 1A). In contrast, under
normal sporulation conditions in SM medium, we found that
the peak of the activity was shifted to around 2 h after IPTG
addition (200 wM) (Fig. 1A). In the KinA strain, the reporter
activities reached maximum levels at around 2 h after IPTG
addition (10 pM) under either nutrient-rich conditions in LB
medium or normal sporulation conditions in SM medium (Fig.
1B). In the absence of IPTG, little or no reporter activity was
detected in either the YdaMy-KinA or the KinA strains (data

not shown). In the wild-type strain (which lacks the IPTG-
inducible construct), the reporter activities reached maximum
levels at around 2 h in SM medium (Fig. 1A and B), while little
or no reporter activity was detected in LB medium (data not
shown), as reported previously (10). We note that, in general,
many genes involved in sporulation are controlled to express in
a just-in-time manner. Thus, as observed in the experiements
shown in Fig. 1 and 3 (see below), the reporter activity declined
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FIG. 1. Activity of YdaMy-KinA¢ in cells cultured in LB and SM
media. Cells of the IPTG-inducible YdaMy-KinA. (A) and KinA
(B) strains harboring the P,,,;,4-lacZ reporter construct were cultured
in LB (open symbols) and SM (filled symbols) media and collected at
the indicated times after the addition of IPTG (200 pM for YdaM-
KinA. [MF4254; triangle] and 10 wM for KinA [MF4253; square]).
The wild-type strain (wt; MF4238) cultured in SM medium served as a
control, and the identical data sets are displayed as filled circles in both
panels A and B. The time courses of YdaMy-KinA¢ and KinA activ-
ities were shown as a measure of B-galactosidase activity of a Spo0A-
dependent Py, -lacZ reporter. All experiments were performed at
least three times independently, and average values and standard de-
viations are plotted.
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beyond the peak, even when the regulatory proteins were suf-
ficiently present, perhaps due to the transcriptional repression
at that point. These results indicate that, in the YdaM-KinA-
strain, activation of Spo0OA is mediated by the chimeric protein
but is delayed in LB medium compared with SM medium,
suggesting that the chimeric protein is negatively regulated,
perhaps through the N-terminal YdaMy domain, when the
cells are grown under rich medium conditions. Alternatively, it
remains possible that the PAS domain of YdaMy, may respond
to some stimuli, such as redox states (45) generated in SM
medium, resulting in an early activation of the reporter gene.
Nevertheless, these results are consistent with our prediction
that sporulation is induced as a result of SpoOA activation
mediated by induction of synthesis of the YdaMy-KinA pro-
tein, irrespective of nutrient availability.

To confirm the compartment-specific transcription of the
sporulation genes in the individual cells expressing the
YdaMy-KinA. protein, we performed fluorescence micros-
copy experiments. First, the gene for yellow fluorescent protein
(YFP) was placed under the control of the Spo0A-dependent
spollA promoter to express YFP in the sporulating cells before
polar septation. Second, the gene for mCherry was fused to the
o"-RNAP-controlled spolIQ promoter to express mCherry in
the forespore. Then, each of the two reporter gene constructs
was integrated into the chromosome of the same strain as a
single copy of each. These two reporter genes were introduced
into the KinA strain for the control experiments. As shown in
Fig. S1 of the supplemental material, each of the fluorescent
reporters was expressed in a compartment-specific manner, but
essentially displayed a similar time course pattern to that of the
B-galactosidase reporter (Fig. 1A and B); timing of the expres-
sion of each sporulation gene in the YdaMy-KinA strain was
delayed in LB medium compared to SM medium.

Next, we investigated whether Spo0OA is activated by the
YdaMy-KinA, protein via the phosphotransferases SpoOF
and SpoOB, as in the case of KinA (3). For this, the deletion
mutation of the gene for SpoOF or Spo0OB was introduced into
the YdaMy-KinA or KinA strain, each harboring the spollA
promoter fusion to lacZ as described above. Exponential-
phase cells of each strain grown in liquid LB were spotted on
solid LB agar with no supplements, 5-bromo-4-chloro-3-indo-
lyl-B-p-galacto-pyranoside (X-Gal), or both X-Gal and IPTG.
In the wild-type background, the reporter activity was detected
as blue colonies only in the presence of both X-Gal and IPTG,
indicating that SpoOA is activated by either YdaMy-KinA or
KinA (see Fig. S2 in the supplemental material). When the
deletion mutation of the gene for SpoOF or Spo0OB was intro-
duced into the YdaMy-KinA strain, the capacity of the cells
to activate SpoOA in response to the inducer was reduced
significantly, similar to changes observed with the spo0A4 mu-
tant in the corresponding KinA strain (see Fig. S2). These
results indicated that YdaMy-KinA exerts its effect through
the phosphorelay, as similarly observed with the KinA strain
(16). We note that a relatively small colony was obtained in the
KinA strain with the deletion of spo0A, suggesting that cross
talk between Spo0OB and some unknown downstream factors
may mediate this effect (see Fig. S2).

All the above results are consistent with the idea that
YdaMy-KinA functions as a kinase. Therefore, to verify directly
whether YdaM-KinA. possesses autokinase activity and trans-
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FIG. 2. Autophosphorylation and phosphotransfer activities of
YdaMy-KinAc. (A) Autophosphorylation activities of YdaMy-KinAc
and KinA were measured in an in vitro reaction. The purified YdaM-
KinA. and KinA were incubated with [y-*?P]ATP as described in
Materials and Methods. At the indicated times, aliquots were removed
from the reaction mixture, mixed with SDS-PAGE sample buffer, and
analyzed by SDS-PAGE (top panels). The fractions of phosphorylation
levels plotted on the y axis in the graph were defined as the ratio of
each of the labeled proteins at the indicated time point to the maxi-
mum level of that present at the end point of the reaction and are
expressed as the relative level (RL). YdaMy-KinA~P, filled squares;
KinA~P, filled circles. The inset graph indicates the semilogarithmic
plot of the value of (1 — RL) as a function of time. The estimated
values of k,, (pseudo-first-order rate constant) for the autophosphor-
ylation of YdaMy-KinA. and KinA were calculated from the slopes.
(B) The phosphotransfer activities from phosphorylated YdaMy-
KinA( or KinA to SpoOF were measured in an in vitro reaction. The
purified YdaMy-KinA or KinA incubated with [y->>P]ATP for 1 h
was incubated with aliquots of SpoOF as described in Materials and
Methods. At the indicated times, aliquots were removed from the
reaction mixture, mixed with SDS-PAGE sample buffer, and analyzed
by SDS-PAGE (top panels). The fraction of phosphorylation level
(SpoOF~P) plotted on the y axis in the graph was defined as the ratio
of the labeled SpoOF at the indicated time point to the maximum level
of that present at the end point of the reaction. SpoOF~P with
YdaMy-KinAg, filled squares; SpoOF~P with KinA, filled circles.

fers phosphate to Spo0A through phosphorelay, we performed in
vitro phosphorylation experiments with the purified protein com-
ponents (see Fig. S3 in the supplemental material).

First, we determined the autophosphorylation activity of pu-
rifled YdaMy-KinA( in the presence of radiolabeled ATP.
Purified KinA was used as a control. We found that YdaM-
KinA. exhibited autophosphorylation activity, but the time
course was delayed compared with that of KinA (Fig. 2A).
Under our standard reaction conditions, the estimated values



6118 ESWARAMOORTHY ET AL.

of k., for the autophosphorylation of YdaMy-KinA. and
KinA were calculated from the slopes shown in the inset of Fig.
2A; the values of (k) were approximately 0.046 min~' and
0.066 min~", respectively. The source of the different kinetic
behaviors of these two proteins and how these differences are
related to the process of sporulation are unknown. In the
following sections, we examine several possibilities regarding
the relationship between enzyme kinetics and cellular re-
sponse.

Second, by mixing each of the phosphorelay components
with YdaM-KinA( for the in vitro reaction, we found that
SpoOF was preferentially phosphorylated by YdaM-KinA,
indicating that YdaMy-KinA. possesses the same substrate
specificity as KinA and phosphorylates SpoOA via phospho-
relay (see Fig. S3B and C in the supplemental material).
Thus, these in vitro results confirmed the in vivo results
shown in Fig. S2.

Third, we determined the rate of phosphotransfer from the
phosphorylated YdaMy-KinA. or KinA to SpoOF. As ex-
pected from the published results for KinA (22), within 1 min,
the labeled phosphoryl group of KinA was efficiently trans-
ferred to SpoOF. Similarly, phosphorylated YdaM-KinA do-
nated the labeled phosphate to SpoOF efficiently, indicating
that there was no significant difference between YdaMy-
KinA( and KinA in their phosphotransfer abilities (Fig. 2B).
All the above in vivo and in vitro results indicated that YdaMy-
KinA(. functions as a kinase to activate SpoOA in a phospho-
relay-dependent manner. Thus, we refer to the chimeric pro-
tein as YdaMy-KinA. chimeric kinase.

As indicated above, our results so far suggest that sensing
the redox changes by the PAS domain of YdaMy, or the
different kinetic parameters between KinA and YdaMy-
KinA., may explain, in part, the reason why the YdaMy-
KinA strain requires a longer time period (approximately 3 h
more) to achieve the threshold of SpoOA activity in LB me-
dium than in SM medium. However, due to the difficulties in
investigating these problems, the exact mechanism(s) is still
unclear. Alternatively, we hypothesized that (i) the protein
level of YdaMy-KinAg, (ii) the local subcellular concentration
of YdaM,-KinAg, (iii) the tetramer formation of YdaMy-
KinA, or (iv) some combination or all of the above three
factors is preferentially reduced in LB medium, leading to the
delay in the activation of phosphorelay. To test these hypoth-
eses, the following experiments were performed.

Similar levels of the chimeric kinase protein are detected in
cells cultured in either LB or SM. First, to determine whether
YdaM-KinA. is produced at different levels in LB and SM
media, we performed quantitative immunoblot analyses using
a C-terminal GFP-tagged YdaMy-KinA under the control of
Phy spank- We confirmed that the YdaMy-KinA.-GFP con-
struct showed essentially similar levels of sporulation efficiency
as the strain expressing the untagged protein, indicating that
YdaMy-KinA-GFP is functional. As controls, we used strains
harboring the gene for KinA-GFP under the control either of
its own promoter at the endogenous locus or Py ¢anis as
reported previously (16).

Cells harboring the gene for YdaM-KinA~-GFP under the
control of Py .. Were grown in the presence of various
IPTG concentrations in LB or SM medium. Cell extracts from
these two strains were prepared at 2 h and 5 h after IPTG
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addition. Then, we measured the levels of the GFP-fusion
protein with immunoblot analysis using anti-GFP antibodies.
For the control, cell extracts were prepared from the wild-type
strain (harboring KinA-GFP at the endogenous locus) cultured
for 2 h under normal sporulation conditions in SM medium
and used for the standard sample. A constitutively expressed
sigma factor, ¢®*, was used as a loading and normalization
control (14). In response to the concentration of added IPTG,
the protein levels of YdaMy-KinA-GFP increased similarly
in both LB and SM media (Fig. 3A and B). At the effective
concentration of IPTG (200 uM) to trigger sporulation, levels
of YdaMy-KinA-GFP protein in both LB and SM media
reached approximately 2-fold above the endogenous KinA-
GFP levels in the wild-type sporulating cells (Fig. 3A and B).
These protein levels were approximately constant from 2 to 5 h
during the culture period, although the protein levels in the
presence of low concentrations of IPTG (10 and 20 wuM) were
slightly decreased at 5 h. For comparison of the activities of
the chimeric kinase with the protein levels, the activity data
were plotted as a function of IPTG concentration (Fig. 3C).
We predicted that if the signal to be sensed by YdaMy was
produced only under starvation conditions in SM medium, the
YdaM,-KinA. kinase, even at relatively lower protein levels,
would be more active in SM medium than in LB medium.
However, the results indicated that there was no significant
medium-dependent effect on the activity itself (Fig. 3C), es-
sentially as observed for KinA (data not shown) (10), except
the delay of the peak activity was observed only in the YdaMy-
KinA strain in LB medium (Fig. 1A). As reported previously
(10), we noted that little or no Spo0OA activity could be de-
tected in the wild-type strain (which lacks the IPTG-inducible
construct) under the LB conditions, even at a later growth
stage at which SpoOA activity was detectable in the YdaMy-
KinA( strain. These results suggest that the YdaMy-KinAc
kinase triggers sporulation efficiently in a concentration-de-
pendent manner, irrespective of nutrient availability. As dis-
cussed in the above section, the chimeric protein might be
positively or negatively regulated, depending on nutrient avail-
ability, and resulted in the delay of peak activity in LB medium
compared with SM medium.

The chimeric kinase distributes uniformly throughout the
cytoplasm, similar to wild-type KinA. Second, to investigate
whether the subcellular localization of YdaM-KinA( is re-
lated to the shift in the peak activity, possibly by increasing the
local concentration of the kinase in SM medium at earlier
times than in LB medium, we examined the cellular distribu-
tion pattern of the GFP-fusion protein with fluorescence mi-
croscopy, under the same culture conditions as above. As
shown in Fig. S4 of the supplemental material, we found that
YdaMy-KinA-GFP localized uniformly in the cytosolic com-
partment at the effective IPTG concentration (200 uM) in both
LB and SM media, and no significant differences in localization
patterns were detected between these two conditions, as was
observed in the KinA-GFP strain (9, 16). These results suggest
that the shift in the peak activity was not due to the decreased
local concentration of the chimeric kinase in LB medium.

The chimeric kinase forms a homotetramer, similar to wild-
type KinA. Recently, using biochemical means, it has become
evident that KinA forms a homotetramer as a stable and func-
tional kinase (12). In the light of these results, we wonder
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FIG. 3. Protein levels and activities of YdaMy-KinA( in cells cultured in LB and SM media. Cells of the strain harboring the gene for
YdaMy-KinAc-GFP under the control of the Py g, promoter (MF4201) were cultured in LB and SM media in the presence of the indicated
concentrations of IPTG. Cell extracts were prepared from cells harvested at 2 h (A) and 5 h (B) after the addition of IPTG. Cell extracts were
subjected to SDS-PAGE followed by immunoblot analysis with anti-GFP antibodies. The constitutively expressed o** protein was detected with
anti-o”* antibodies and used as a loading control as reported previously (14). The intensities of each band were quantified with an image analyzer
(FluorChem; Alpha Innotech). Each of the protein levels was normalized to ¢ levels and then to the endogenous KinA-GFP level produced in
the wild-type strain (wt; MF3593) cultured for 2 h in SM medium. Relative levels shown in the graph are after the normalization of the intensities.
(C) Cells of the YdaMy-KinA strain harboring the P, ,-lacZ reporter construct (MF4254) were cultured in LB and SM media and collected

at 2 and 5 h after the addition of the indicated concentrations of IPTG. YdaMy-KinA. activity was measured as Spo0A activity based on the

P, .ia-lacZ reporter as described for Fig. 1. All experiments were performed at least three times independently, and average values and standard

sp
deviations are plotted.

whether the YdaMy-KinA . chimeric kinase forms a tetramer
as a functional unit and the tetramer formation is preferen-
tially reduced in the cells cultured in LB medium, resulting in
the delay of the peak activity. To address these issues, we
performed chemical cross-linking experiments. For this, crude
cell extracts were prepared from cells expressing YdaMy-
KinA~-GFP in LB and SM media and incubated in the pres-
ence or absence of BMH, a thiol-specific cross-linker (12). The
N terminal of YdaM (YdaMy) has three cysteines (C88, C172,
and C234) that are potentially cross-linkable by BMH, if they
are located near each other in the complex. We note that the
C terminus of KinA (KinA) has no cysteine residues, so that
it cannot be used for the cross-linking reaction with BMH and
thus, the complex formation, if detected, is absolutely depen-
dent on the N terminus. The calculated molecular masses of
each of the protein samples are listed in Fig. 4A. The crude
extracts containing YdaMy-KinA.-GFP (YdaMy-KinA.)
were prepared from cells grown in LB medium. Then, the

samples were treated with or without cross-linker. In the pres-
ence of cross-linker, larger bands at around 300 kDa were
detected (Fig. 4B, lane 6). In contrast, only a discrete band at
around monomer size (estimated size, 80 kDa) was detected in
the absence of the cross-linker (Fig. 4B, lane 5). Furthermore,
YdaM,-GFP migrated at around 200 kDa in the presence of
the cross-linker (Fig. 4B, lane 8), while only the monomer (55
kDa) was detected in the absence of the cross-linker (Fig. 4B,
lane 7). These shifted bands at high molecular mass positions
corresponded well with the tetramer sizes of each of the tested
samples (Fig. 4A). As positive controls, we used both KinA-
GFP and KinA\-GFP to verify that the results were reproduc-
ible as reported previously (12), showing that KinA predomi-
nantly forms a tetramer (Fig. 4B, lanes 1 to 4). As a negative
control, both in the presence and absence of the cross-linker,
only a discrete single band corresponding to the monomer size
of GFP was detected in the crude extracts from cells expressing
GFP alone, suggesting that two cysteine residues in GFP are
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FIG. 4. Cross-link analysis of YdaMy-KinA complex formation in cells
cultured in LB and SM media. (A) Molecular masses and possible multimeric
combinations of each sample. (B) Cells harboring the IPTG-inducible GFP-
tagged protein construct were cultured in LB in the presence of IPTG (10
pM for KinA-GFP and GFP, 200 pM for YdaMy-KinA-GFP). Cell ex-
tracts were prepared from each strain 2 h after IPTG addition and processed
for the BMH cross-linking reaction as described in Materials and Methods
(BMH+, even lanes). Samples processed in the absence of BMH were used
as controls (BMH-, odd lanes). Strains expressing KinA-GFP (MF3352; lanes
1 and 2), KinAy-GFP (MF3360; lanes 3 and 4), YdaMy-KinA--GFP
(MF4201; lanes 5 and 6), YdaMy-GFP (MF4080; lanes 7 and 8), and GFP
alone (MF2732; lanes 9 and 10) were examined for cross-linking experiments.
Samples were separated by SDS-PAGE, followed by immunoblot analysis
with anti-GFP antibodies. Solid bars, asterisks, and dashed bars depict the
expected sizes of monomer, dimer, and tetramer forms, respectively. (C) Cells
expressing KinA-GFP (top panel) or YdaMy-KinA~-GFP (bottom panel)
were cultured in LB (lanes 1, 2, 5, and 6) and SM (lanes 3, 4, 7, and 8) and
collected at 2 h (lanes 1 to 4) or 5 h (lanes 5 and 6) after IPTG addition (10
pM for KinA-GFP, 200 pM for YdaMy-KinA~-GFP). Cell extracts were
processed as described for panel B. Even and odd lanes contain samples with
and without BMH, respectively. Solid and dashed bars depict the expected
sizes of monomer and tetramer forms, respectively. Molecular masses (in
kDa) of the protein size marker (Invitrogen) are indicated to the left.

oo

not involved in complex formation under our tested conditions
(Fig. 4B, lanes 9 and 10) (50). Our previous results indicate
that neither SpoOF nor Spo0A is detected in the immunopre-
cipitated fraction, suggesting that KinA does not form a stable
complex with other phosphorelay components (12). Therefore,
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some minor bands detected in the cross-linked samples might
not be the complex with the other phosphorelay component.
Rather, they might be due to the formation of nonspecific
protein complexes, such as inter- or intramolecular cross-link-
ing formations in different ways, depending on the sulfhydryl
involved.

Next, we examined whether the functional tetramer of
YdaMy-KinA-GFP is preferentially formed in SM medium
(compared to LB medium), which may explain the shift in the
peak activity shown in Fig. 1A. Cells expressing YdaMy-
KinA-GFP were grown in LB and SM media for 2h and 5 h
in the presence of IPTG (200 wM). Then, crude cell extracts
were prepared and incubated in the presence or absence of
cross-linker. As shown in Fig. 4C, in the presence of cross-
linker, the tetramer form of YdaMy-KinA-GFP was detected
in each of the tested conditions and there were no significant
differences of the complex formations in all tested samples
prepared from cells grown in LB and SM media. These results
suggest that the shift in the peak activity is not due to the
destabilization of the complex formation in LB medium. In
conclusion, although various attempts were made, the mecha-
nism by which the timing of the chimeric kinase activity is
regulated either positively or negatively, depending on the
medium used, remains unknown.

Autophosphorylation activity of the chimeric kinase is inde-
pendent of enzyme concentration, similar to wild-type KinA.
We determined whether the autophosphorylation of the chi-
meric kinase occurs in a protein concentration-dependent
manner. Generally, an intramolecular reaction would exhibit
saturation kinetics, so that the activity of the autophosphory-
lation reaction would not be enzyme concentration dependent
(27). In other words, if the activity of the tetrameric kinase is
dependent on the protein concentration, the functional subunit
assembly might be dependent on the concentration of the
individual protomers. In order to test this, the autophosphor-
ylation activity was monitored as a function of enzyme concen-
tration over a 10-fold range of concentrations (Fig. 5). A plot
of the activity at various concentrations showed a constant
level, indicating that the rate of YdaMy-KinA autophosphor-
ylation is independent of enzyme concentration (Fig. SAC). As
a control, we examined the purified KinA, as described above,
and obtained essentially reproducible results as reported in the
literature (Fig. 5B and D) (22). In our previous study with a
dominant negative assay, we showed that autophosphorylation
of KinA is in a transphosphorylation manner (12). Taking
together all the data presented above and considering the
similar properties of YdaM-KinA. and KinA, we suggest that
the autophosphorylation activity of each kinase is likely to
result from an intramolecular transautophosphorylation in a
stable tetramer as a functional unit.

Concluding remarks and perspectives. Evidence is pre-
sented in this study that the replacement of the sensor domain
of KinA with a foreign domain of YdaM from E. coli results in
a massive induction of sporulation initiation by a concentra-
tion-dependent mechanism through phosphorelay. The result-
ing chimeric kinase forms a homotetramer, as was reported for
KinA (10-12). Although the chimeric kinase shows delayed
activation of Spo0OA under nutrient-rich conditions compared
with starvation conditions, with unknown mechanisms, the
peak activity levels of SpoOA (as an indirect measure of the
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FIG. 5. YdaMy-KinA( is autophosphorylated in a protein concen-
tration-independent manner in vitro. (A) The indicated concentrations
(in wM) of purified YdaMy-KinA were incubated with [y->*P]ATP as
described in Materials and Methods. Reaction mixtures were analyzed
by SDS-PAGE and autoradiography (top panel). Phosphorylation lev-
els of YdaMy-KinA( (YdaMy-KinA~P) plotted on the y axis were
defined as the ratio of [**P]YdaMy-KinAc present at the indicated
concentration of YdaMy-KinAc versus the level of [*?P]YdaMy-
KinA at the highest concentration of YdaMy-KinA. (lane 7).
(B) The indicated concentrations of purified KinA were examined as
described for panel A. (C) Phosphorylation levels of YdaMy-KinAc
shown in panel A at the indicated concentrations of YdaMy-KinAc
were divided by the same range of concentrations. Thus, the ratio of
phosphorylated YdaMy-KinA over total YdaMy-KinA( is expressed
as [~P]/[total] on the y axis, and the value is plotted as a function of the
protein concentration on the x axis. (D) The data for KinA autophos-
phorylation were processed as described for panel C.

kinase activity) and the resulting sporulation efficiencies are
essentially the same under these two conditions. These results
and our published studies (10-12) suggest that, regardless of
the origin of the protein, tetramer formation mediated by the
N-terminal domain is sufficient for the kinase activity catalyzed
by the C-terminal domain, irrespective of nutrient availability.
The prior studies of the well-known sensor kinases, such as the
EnvZ osmosensor and the nitrogen sensor NRII kinase/phos-
phatase, indicate that, even under conditions of overexpression
from multicopy plasmids, the signal (ligand) is still required for
the proper response of the kinases (2, 47). More recently,
overexpression of KinC, an alternative histidine kinase in-
volved in biofilm formation, does not induce massive pellicle
formation (biofilm growth) (29). These prior results suggest
that the overexpression of the kinase is not capable of over-
riding the sensor control in vivo, if a ligand is required for the
activation process. Thus, our results suggest that massive entry
into sporulation by inducing the synthesis of the chimeric ki-
nase is not simply due to the overexpression of the chimeric
kinase. Rather, our data support a model in which the thresh-
old level of the kinase, which is constitutively active and signal
independent, acts as a molecular switch regulating the entry
into sporulation. The mechanism(s) that controls the cellular
level of the kinase remains to be determined.
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