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The major sensor kinase controlling the initiation of development
in Bacillus subtilis, KinA, functions by activating the phosphorelay
signal-transduction system in response to as yet unknown signal
ligands. KinA contains, within its amino-terminal signal-sensing
region, three PAS domains that, in other proteins, are known to be
involved in sensing changes in oxygen concentration and redox
potential among other functions. The most amino-terminal PAS
domain, PAS-A, was found to bind ATP and catalyze exchange of
phosphate between ATP and nucleoside diphosphates. A cysteine-
to-alanine mutation in PAS-A increased the affinity for ATP 5-fold,
decreased the exchange reaction 2-fold, and stimulated KinA-
dependent sporulation. A model for the role of ATP and the
exchange reaction in the PAS domain in sensor kinase signal
transduction is presented in which the free energy of nucleotide
hydrolysis drives the conformational changes that activate or
deactivate the sensor kinase in response to signal ligand binding.

For bacteria, the ability to sense and adapt rapidly to a wide
variety of environmental conditions is the key to persistence
and survival. Two-component signal-transduction systems are
integral in a bacterium’s adaptive response to cellular and
environmental change and mediate the activation or repression
of alarge repertoire of genes and pathways in response to specific
internal and external signals (1). Two-component systems are
composed of a signal ligand-responsive histidine protein kinase
(sensor kinase) and a response regulator transcription factor.
Signals specific for each pathway are sensed and interpreted by
the sensor kinase and result in an ATP-dependent autophos-
phorylation reaction to a histidine residue. The phosphoryl
group subsequently is transferred to an aspartate residue of the
response regulator, resulting in the activation of its transcrip-
tional properties. The mechanism by which sensor kinases sense
and interpret signals is fundamental to the understanding of
the roles of two-component systems in the complex cellular
processes required for bacterial development, virulence, and
pathogenicity (2).

Recently, a large family of proteins has been identified (3) that
contains cytosolic signaling modules known as PAS domains, a
name coined from the proteins in which these domains originally
were recognized (Drosophila Period protein, vertebrate aryl
hydrocarbon nuclear translocator, and Drosophila Single-
minded protein). PAS domains are found in proteins from all
three kingdoms of life, where they monitor changes in overall
energy level of the cell, redox potential, oxygen, and light and
also mediate protein/protein interactions (3). In bacteria, they
are found almost exclusively in sensor kinases of two-component
systems.

In some cases, the sensing properties of PAS domains are
determined by the associated signal ligands. The ligands for a
number of prokaryotic PAS domains have been identified and
include FAD (4), heme (5), 4-hydroxycinnamyl (6), and 2Fe-2S
centers (7). The conserved fold of PAS domains suggests that
similar signaling strategies may be used in all PAS domain-
containing proteins, but the specificity of signaling of each
pathway likely is to be mediated by the associated signal ligand.
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In response to nutrient depletion, the Gram-positive bacte-
rium Bacillus subtilis initiates a complex developmental process
that results in the production of a resistant endospore. Initiation
of sporulation in B. subtilis is controlled by an expanded,
two-component signal-transduction system termed a phosphore-
lay (8). Multiple sensor kinases are involved in the initiation of
development in B. subtilis (9), but the sensor kinase responsible
for the majority of phosphate input into the phosphorelay is
KinA (10). KinA is a soluble cytoplasmic protein that is active
as a dimer and is composed of an amino-terminal signal-input
domain and a carboxyl-terminal kinase domain (Fig. 1). The
signal-input domain contains three PAS domains, PAS-A,
PAS-B, and PAS-C, which presumably regulate the activity of the
kinase in response to sporulation-inducing signals.

Recently, it has been shown that the PAS-A domain of KinA
is essential for the activity of this sensor kinase and that
PAS-B/PAS-C are involved in homodimerization with PAS-B/
PAS-C of the other subunit of the dimer (11). This report
describes studies to elucidate the nature of the PAS-A domain
signal ligand(s) that are likely to be involved in the regulation of
the initiation of development in B. subtilis by means of the
activation of phosphorelay sensor kinase A.

Materials and Methods

Purification of the PAS-A Domain of KinA. The PAS-A domain of
KinA spans amino acids 17-114 (Fig. 1). To study the properties
of the isolated domain, an expression vector was constructed to
allow PAS-A to be purified from Escherichia coli. A DNA
fragment corresponding to PAS-A was amplified from the
chromosome of B. subtilis JH642 by using PCR with oligonu-
cleotide primers KinA5'Nco (5'-GGATTCCATGGAACAG-
GATACGCAGCATGTTAAAC-3") and KinAN3'Xho (5'-
CGTTATCTCGAGAGTCGATTCCGGGCTTGCAGG-3")
and cloned into the Ncol and Xhol restriction sites of pET28a
(Novagen), producing a carboxyl-terminal His-tag. The resulting
construct was confirmed by DNA sequencing.

The PAS-A domain was expressed in E. coli BL21 (DE3)
(Novagen) and purified by nickel-affinity chromatography by
using His-bind resin (Novagen) according to the manufacturer’s
instructions. After extensive washing with 20 mM and 50 mM
imidazole in buffer A (25 mM Tris*Cl, pH 8.0/10 mM KCl), the
PAS-A domain was eluted with buffer A containing 100 mM
imidazole, dialyzed extensively against buffer A, and concen-
trated with a Centriprep-10 column (Amicon). When this pro-
cedure was used, PAS-A was purified to >99% homogeneity, as
determined by SDS/PAGE.
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Fig. 1. Domain organization of KinA. The PAS domains of the amino-terminal signal-input domain and His-405 and ATP-binding site of the kinase domain are

indicated. Amino acid residue numbers are also indicated.

Direct Photoaffinity Labeling of PAS-A with [a-32P]ATP. Direct photo-
cross-linking of nucleotides to proteins is a widely used tech-
nique for the investigation of nucleotide-binding sites (12, 13).
The PAS-A domain was photoaffinity-labeled with [a-3?P]ATP
in buffer B {50 mM K-EPPS [4-(2-hydroxyethyl)-1-pipera-
zinepropanesulfonic acid], pH 8.5/20 mM MgCl,/0.1 mM
EDTA/5% (vol/vol) glycerol} as described (11). PAS-A (30
1M) was mixed with 40 uCi (1 pCi = 37 kBq) of [a-3?P]ATP
diluted to a final concentration of 2 uM in unlabeled ATP, and
the reaction mixture (50 ul) was incubated on ice in the dark for
15 min. A sample (25 ul) was removed and exposed to UV light
for 30 min on ice while the remainder was kept in the dark. UV
light was generated by two 15-W General Electric G15T8 UV
lamps at a distance of 3 cm from the sample. The samples then
were subjected to SDS/PAGE on 15% (wt/vol) acrylamide gels
by using the Tricine buffer system (14) and autoradiography.
When required, the amount of labeled protein was quantified by
phosphorimaging (Molecular Dynamics PhosphorImager SF).

Phosphorylation of PAS-A and KinA-C. Phosphorylation reactions
were carried out at 25°C in buffer B. PAS-A (75 uM) was
phosphorylated with 5 wCi of [y-*P]ATP or [y-**P]GTP diluted
to a final concentration of 100 uM in unlabeled ATP or GTP,
respectively, for 180 min. KinA-C (5 uM), the isolated kinase
domain of KinA, was phosphorylated for 60 min with 5 uCi of
[y-?P]ATP diluted to a final concentration of 100 uM in
unlabeled ATP. The reactions were stopped by the addition of
SDS/PAGE sample buffer, and labeled proteins were visualized
by SDS/PAGE on 15% (wt/vol) acrylamide gels in the Tricine
buffer system and subsequent autoradiography.

Binding of ATP to the PAS-A Domain. The dissociation constant of
ATP binding to PAS-A was determined by using the ultrafiltra-
tion technique (15, 16). PAS-A (20 uM) was incubated for 180
min at 25°C in 50 mM K-EPPS, pH 8.5/20 mM MgCl,/100 mM
KCl, with increasing concentrations of ATP containing
[a-**P]ATP at constant specific activity. The amount of ATP
bound to PAS-A or remaining free in solution was determined
by using Microcon-10 filtration units (Amicon), with subsequent
liquid scintillation counting corrected for nonspecific binding
of label.

Acid /Base Stability of PAS-A~P. The nature of the phosphorylated
amino acid in PAS-A was investigated by determining the pH
stability of phospho-amino acid linkage. PAS-A and KinA-C
were phosphorylated with [y->>P]JATP as described above and
separated by SDS/PAGE. Gel slices containing PAS-A~P and
KinA-C~P were excised and treated with 0.1 M HCI1/0.1 M
Hepes buffer, pH 7.0, or 1.0 M NaOH for 2 h at 55°C as described
(8) and analyzed by autoradiography.

Catalytic Activity of PAS-A. Reactions were carried out in 50 mM
K-EPPS, pH 8.5/20 mM MgCl,. PAS-A (100 uM) was mixed
with 0.5 uCi of a-3?P- or y-3?P-labeled ATP, diluted to a final
concentration of 1 mM with unlabeled ATP in the presence of
1 mM unlabeled ADP or GDP. The reactions were incubated at
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25°C for 180 min, and reaction products were analyzed by
PEI-cellulose TLC, with 0.75 M KH,POy,, pH 3.75, as the solvent.
The TLC plates were air-dried and subjected to autoradiography
and phosphorimaging.

Mutant Construction. A kin4A DNA fragment including the pro-
moter and signal-input domain (amino acids 1-382) was cloned
into the Sacl and PstI sites of pJM105A (17) to produce plasmid
pES1. This plasmid was used as the template for in vitro
site-directed mutagenesis with the Muta-Gene kit (Bio-Rad) to
introduce a point mutation into kinA, resulting in the replace-
ment of the cysteine residue at position 75 by alanine. Plasmids
based on pESI1 integrate into the chromosome of B. subtilis by a
single (Campbell-type) crossover event between plasmid- and
chromosomally encoded kinA sequences, resulting in one trun-
cated and one intact copy of kin4. pES1 and pES1-C75A were
used to transform B. subtilis JH19980 [trpC2, phe-1, kinB (10)],
and transformants were selected on Schaeffer’s agar plates
containing 6 pg/ml chloramphenicol at 37°C.

Sporulation Assays. The sporulation efficiency of B. subtilis strains
was determined by measuring the relative proportion of chlo-
roform-resistant spores in liquid cultures, which were grown
under sporulating conditions as described (18).

Results

PAS-A Is an ATP-Binding Domain. It has been shown previously that
the isolated kinase domain of KinA (KinA-C, Fig. 1) binds and
hydrolyzes ATP, albeit at a much reduced level compared with
the complete kinase (11). Surprisingly, in vitro studies with
various isolated domains of KinA revealed that the PAS-A
domain also could be labeled by [y-*P]JATP. Because the
binding and hydrolysis of ATP was thought to be an exclusive
function of the kinase domain, this phenomenon was investi-
gated further.

Direct photo-cross-linking of nucleotides to proteins has been
used extensively for the identification of nucleotide-binding sites
in proteins (12, 13). In the absence of UV irradiation,
[@-*?P]ATP remained tightly associated with PAS-A after elec-
trophoresis (Fig. 24, lane 1), and the binding was increased more
than 10-fold after exposure to UV (Fig. 24, lane 2) as a
consequence of photoactivation of the purine ring of ATP. UV
cross-linking of [a-3?P]ATP to PAS-A was unaffected by the
presence of reducing agents such as DTT (data not shown).
PAS-A also becomes labeled in the presence of [y->P]ATP (Fig.
2B, lane 1) and [y-**P]GTP (Fig. 2B, lane 2). ATP appears to act
as a more efficient phosphodonor than GTP, resulting in an
~5-fold increase in the amount of labeled PAS-A in the presence
of [y-*?P]ATP; however, this simply may represent increased
binding.

To get an indication of the relative affinity of binding, the
dissociation constant (Ky) of the interaction between PAS-A and
[a-*?P]ATP was determined. The binding curve obtained (Fig.
2C) is consistent with a single ATP molecule binding to one site
on PAS-A. Further, the K4 of the PAS-A/ATP interaction was
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Fig. 2. Binding and phosphorylation of PAS-A by ATP. (A) PAS-A was
incubated with [a-32P]ATP and kept in the dark (lane 1) or exposed to UV light
(lane 2), followed by SDS/PAGE with subsequent autoradiography. (B) Phos-
phorylation of PAS-A with [y-32P]JATP (lane 1) or [y-32P]GTP (lane 2). Labeled
protein was visualized by autoradiography after SDS/PAGE. (C) Binding curve
of [a-32P]ATP binding to PAS-A was obtained by nonlinear regression analysis
of the raw data followed by Scatchard plot transformation of the data (/nset).

calculated from the Scatchard plot of the binding data to be 19.6
uM (Fig. 2C Inset).

These data, combined with the observation that a water-
soluble compound with an absorbance spectrum identical to that
of ATP can be extracted from purified PAS-A (data not shown),
demonstrate that ATP is the likely ligand for the PAS-A domain
of KinA and that this domain represents a nucleotide-binding
domain. Given the established role of PAS domains as sensing
modules, these observations raise the possibility that binding of
ATP and/or phosphorylation of PAS-A influence the activation
of KinA.

Acid/Base Stability of PAS-A~P. Because it is possible to get an
idea of the type of amino acid phosphorylated by determining
the pH stability of the linkage between the amino acid residue
and the phosphoryl group, the pH stability of the putative
PAS-A~P was compared with that of the phosphohistidine
of KinA-C.

The phosphoryl moiety of PAS-A~P was stable after treat-
ment with HCI (Fig. 34, lane 1), whereas the phosphohistidine
of KinA-C~P was labile under acidic conditions (Fig. 34, lane
2), indicating that phosphorylation of PAS-A does not result in
a phosphoramidate such as phosphohistidine (19, 20). In con-
trast, the phosphohistidine of KinA-C was stable after treatment
with NaOH (Fig. 3C, lane 2), whereas the phosphoryl group of
PAS-A~P was labile under basic conditions (Fig. 3C, lane 1).
The pH stability profile is characteristic of O-linked phosphates
such as phosphoserine or phosphothreonine (21), suggesting that
PAS-A is phosphorylated on a serine or threonine residue. Both
PAS-A~P and KinA-C~P were stable in Hepes buffer at pH 7.0
(Fig. 3B).
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Fig. 3. Acid and base stability of PAS-A~P. PAS-A (lane 1) and KinA-C (lane
2) were phosphorylated with [y-32P]ATP and separated by SDS/PAGE. Gels
were treated with 0.1 M HCI (A4), 0.1 M Hepes, pH 7.0 (B), or 1 M NaOH (C) at
55°C and analyzed by autoradiography.

PAS-A Is a Catalytic Domain with a Nucleoside Diphosphate Kinase-
Like Activity. The PAS-A domain of KinA becomes phosphory-
lated by [y-32P]ATP and, to a lesser extent, by [y->*P]GTP (Fig.
2B), indicating that this domain may possess catalytic activity.
The apparent enzymatic activity of PAS-A was investigated
further by assaying the reaction products on TLC. In the
presence of unlabeled ADP and [a-*’P]ATP, PAS-A catalyzed
the formation of [a-3?P]ADP (Fig. 44, lane 3). This could come
about if the y-phosphate group was transferred from [a-3?P]ATP
to ADP to form unlabeled ATP, which would not be detected in
this experiment, or if PAS-A acted as a phosphatase of ATP.
When [y-3?P]ATP was used as the phosphodonor in the presence
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Fig.4. Catalytic activity of PAS-A. (A) [a-32P]ATP (lanes 1 and 3) or [y-32P]ATP

(lanes 2 and 4) was used as phosphodonor and mixed with PAS-A in the
absence (lanes 1 and 2) or the presence (lanes 3 and 4) of unlabeled ADP. (B)
[a-32P]ATP (lanes 1 and 3) or [y-32P]ATP (lanes 2 and 4) was used as phospho-
donor and mixed with PAS-A in the absence (lanes 1 and 2) or the presence
(lanes 3 and 4) of unlabeled GDP. In all cases, the reaction products were
analyzed by TLC and autoradiography. The identity of the nucleotides was
confirmed by comparison with nonradioactive standards run on the same TLC
plate. Pi, inorganic phosphate.
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Table 1. Sporulation efficiency of B. subtilis strains

Strain Relevant genotype % Sporulation
JH642 (wild type) trpC2, phe-1 61 +75
JH19980:: pES1 trpC2, phe-1, kinB 30 = 0.6
JH19980:: pES1-C75A  trpC2, phe-1, kinB, kinA C75A 48 = 1.5

The results of at least three independent experiments are shown.

of unlabeled ADP, the amount of labeled ADP produced was
much lower, and little if any increase in labeled inorganic
phosphate was detected (Fig. 44, lane 4), eliminating the
possibility that PAS-A was acting as a phosphatase. Whether
PAS-A was responsible for the low amount of labeled ADP
formed (Fig. 44, lane 4) or whether this represents contamina-
tion of the [y-3?P]ATP by label in the « or B positions could not
be determined. Regardless, PAS-A appears to be catalyzing the
exchange of the phosphate between ATP and ADP.

The exchange activity of PAS-A was more obvious when the
reaction was stimulated by unlabeled GDP, as GTP and ATP
separate on the TLC. Unlabeled GDP addition resulted in the
production of [a-*>P]ADP and [y-3?P]GTP when [a-3*P]ATP or
[v-32P]ATP was used as the phosphodonor, respectively (Fig. 4B,
lanes 3 and 4). However, GTP was much less efficient as a
phosphodonor than ATP (data not shown). The phosphorylated
enzyme intermediates of PAS-A are also evident from the
increase in labeled protein that remained at the origin of the
TLC plate when [y->?P]ATP or [y-3?P]GTP was used as phos-
phodonor (Fig. 4 A4 and B, lanes 2 and 4).

The reactions described here are consistent with PAS-A
possessing a nucleoside diphosphate kinase (NDPK)-like activity
capable of catalyzing the exchange of the terminal phosphate of
ATP or GTP to ADP or GDP. Several experiments were
undertaken to ensure that this activity was a property of PAS-A
and not a contaminating protein. Although the PAS-A prepa-
ration used was essentially pure by SDS/PAGE criteria, the
preparation was subjected to nondenaturing gel electrophoresis
followed by excision of the PAS-A band and electroelution. The
eluted protein retained the activity. Similarly, further purifica-
tion by DEAE-Sepharose and Affi-Gel blue chromatography did
not separate the activity from the PAS-A protein.

The KinA C75A Mutation Increases in Vivo Sporulation Efficiency. As
part of a parallel project to determine the function of cysteine
residues in the activity of KinA, we constructed an integrative
plasmid, pES1-C75A, encoding a mutant KinA in which the
cysteine residue at amino acid position 75 was replaced by
alanine. This plasmid and pES1 encoding wild-type KinA were
used to transform a B. subtilis strain deficient in KinB (JH19980)
to determine whether a sporulation phenotype would arise as a
consequence of the KinA C75A mutation. Strains lacking KinA
and KinB have a sporulation frequency at least five orders of
magnitude less than a strain lacking only KinB. Initially, sporu-
lation phenotypes were identified by plating the strains on
Schaeffer’s agar plates to induce sporulation. Under these
conditions, the strain harboring KinA C75A exhibited a hyper-
sporulating phenotype compared with the isogenic strain en-
coding wild-type KinA.

Sporulation efficiency of the strains in liquid culture was
measured by determining the proportion of chloroform-resistant
spores in cultures of B. subtilis grown under sporulation-inducing
conditions. Compared with B. subtilis JH642, inactivation of kinB
reduced the sporulation efficiency from 61% to 30% in
JH19980::pES1 (Table 1). The KinA C75A substitution in-
creased sporulation efficiency in a kinB background from 30%
to 48% (Table 1). If plasmid pES1-C75A was integrated into a
strain prototrophic for KinB, the transformants were observed
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Fig.5. ATP binding and catalytic activity of PAS-A C75A. (A) The binding curve
of [a-32P]ATP binding to PAS-A C75A was obtained by nonlinear regression
analysis of the raw data followed by Scatchard plot transformation (/nset). (B)
Catalytic activity of PAS-A. Wild-type PAS-A (100 4M, @) or PAS-A C75A (100 uM,
O) was incubated with 1 mM [a-32P]ATP in the presence of 1 mM unlabeled ADP,
and samples were removed at time intervals and the reaction was stopped by
freezing in a dry ice/ethanol bath. Reaction products were analyzed by TLC and
quantified by phosphorimaging. The relative amount of [«-32P]ADP formed with
time is expressed as the ratio of [a-32P]ADP to [a-32P]ATP.

to accumulate sporulation-negative suppressor mutations at a
relatively high frequency. This phenotype is a well established
consequence of inappropriate timing of sporulation, where the
initiation of sporulation during growth selects for secondary
suppressors blocked in sporulation (22), and it indicates that the
C75A mutation results in a more active KinA.

To determine whether the C75A substitution influences the ATP
binding and catalytic activity of PAS-A, this domain was amplified
from the chromosome of B. subtilis JH19980::pES1-C75A by PCR
and cloned into pET28a, and the protein was purified as described
above. Purified PAS-A C75A bound ATP with higher affinity (K4
= 4.3 uM) than the wild-type PAS domain, as revealed by an
~5-fold reduction in the Ky of the PAS-A C75A/ATP interaction
compared with the wild-type (Fig. 54). Furthermore, the catalytic
activity of PAS-A C75A was assayed by determining the relative
amount of [a-*’P]JADP produced from [a-*?P]ATP and unlabeled
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ADP with time, as a consequence of the transfer of the y-phosphate
of [a-3?P]ATP to unlabeled ADP. Compared with wild-type
PAS-A, the rate of production of [a->?P]ADP catalyzed by PAS-A
C75A was reduced by more than 2-fold (Fig. 5B). Thus, the KinA
C75A mutation increases both the sporulation efficiency in vivo and
the ATP binding of the PAS-A domain by ~5-fold, whereas the
NDPK-like activity of the domain is reduced.

Discussion

PAS domains are highly conserved signaling modules found in
proteins from all three kingdoms of life. Of the proteins har-
boring PAS domains encoded in the genome of B. subtilis, only
one is not a sensor kinase, and two sensor Kinases, KinA and
KinE (another sporulation-related sensor kinase), possess more
than one PAS domain, suggesting that these sensing modules are
important for the biological function of sensor kinases and for
the initiation of development in this organism. Although the
exact role of each PAS domain in KinA-mediated signal trans-
duction is unclear, previous mutational studies have demon-
strated the importance of the most amino-terminal PAS domain,
PAS-A, for the activity of KinA (11).

The present data demonstrate that the isolated PAS-A domain
of KinA binds ATP with relatively high affinity. The dissociation
constant of the PAS-A/ATP interaction was calculated to be
~20 uM, the same order of magnitude as the K., for ATP (74
uM) of the complete sensor kinase (23). PAS-A can be phos-
phorylated by [y-*?P]ATP (and, to a lesser extent, by
[v-*?P]GTP) and catalyzes the transfer of the y-phosphate group
of ATP to ADP or GDP. The exchange reaction of PAS-A
appears similar to that of NDPK, an enzyme that catalyzes
the synthesis of nucleoside triphosphates from the correspond-
ing nucleoside diphosphates via a phosphohistidine enzyme
intermediate.

NDPK is an important cellular enzyme that monitors and
maintains nucleotide pools and has been implicated in a number
of regulatory processes, including signal transduction and de-
velopment (24). Furthermore, NDPK-like activity has been
observed in a number of proteins that are not classical NDPK
enzymes (25-28). Commonly, NDPKs are phosphorylated as a
reaction intermediate on a conserved histidine residue. In
contrast, the phosphoryl group of PAS-A~P is acid-stable and
base-labile, indicating that the phosphoenzyme intermediate of
PAS-A is not phosphohistidine but is more likely to be an
O-linked phosphate such as phosphoserine or phosphothreo-
nine. Mitochondrial NDPK is phosphorylated on a serine resi-
due (29), and it is possible that the exchange reaction catalyzed
by PAS-A occurs via a phosphoserine intermediate. However, it
is not clear whether the phosphorylation of PAS-A is part of the
KinA reaction mechanism, and the possibility that phosphory-
lation may be due to a spurious reaction of the isolated domain
with no physiological significance cannot be ruled out.

These data raise several questions as to the biological signif-
icance of the ATP-binding and NDPK-like activity of PAS-A. It
is possible that this inherent, NDPK-like activity is part of a
mechanism to sense the cellular pool of ATP (and possibly other
nucleotides). Although PAS-A does become labeled by
[v-32P]GTP, the phosphorylation of KinA by [y->?P]ATP is not
affected by GDP or GTP (data not shown), indicating that
PAS-A is not sensing changes in guanine nucleotide pools. The
likely structural changes induced as a consequence of ATP
binding and phosphorylation might regulate the autophosphor-
ylation of the kinase domain of KinA and the input of phosphate
into the phosphorelay. Simple binding of ATP to PAS-A could
constitute a signal regulating the activity of KinA, with the
observed NDPK-like activity of PAS-A being part of a turnover
or desensitizing reaction. One of the established roles of PAS
domains is to monitor changes in the energy status and redox
potential of the cell, which, in essence, is measuring the capacity
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to produce ATP. Although it is not difficult to imagine scenarios
connecting cellular energy potential and development, ATP
binding does not constitute compelling evidence for such a role.

A B. subtilis strain carrying a mutant KinA in which the
cysteine residue at position 75 in PAS-A was replaced by alanine
showed increased sporulation efficiency. The effect of the C75A
mutation on sporulation is modest in liquid culture. However, on
solid media, the mutant strain clearly sporulates earlier, as
evidenced by colony morphology, and sporulates inappropriately
as the mutant strain segregates sporulation-negative secondary
mutations visible as papillae to overcome this problem. In both
of these regards, the mutant strain resembles strains with sof
mutations of Spo0A (22) and Rap phosphatase mutations (30),
each of which increases the tendency to sporulate during growth.

As a consequence of the C75A mutation, the K4 of ATP
binding by the isolated PAS-A C75A domain was decreased and
its NDPK-like activity was reduced to less than 50% of the
wild-type level. Thus, it appears that it is the ATP-bound form
of the PAS domain that is more active in sporulation, and the loss
of NDPK activity, which may serve to turn over ATP, prevents
the mutant PAS-A domain from returning to the non-ATP-
bound, presumably inactive state. The C75A mutation may have
an effect on the interaction of the PAS-A domain with itself,
other domains of KinA, or a putative effector molecule. Al-
though PAS-A in the wild-type protein is monomeric (11), the
C75A mutation may induce the dimerization properties that PAS
domains are known for. Perhaps dimerization of PAS-A is a
prerequisite to KinA activity. The folding of KinA might alter
the kinetics of ATP binding and phosphorylation and either
increase or decrease the effects of the C75A mutation.

It is counterintuitive to correlate high ATP concentrations, an
energy-sufficient state, with the initiation of sporulation that is
associated with nutrient deprivation, when cells become limited
in their capacity to produce ATP. Further, the K4 of ATP binding
(=20 uM) is well below the concentration of the cellular ATP
pool (1-3 mM). Thus, it seems more likely that ATP is not the
ligand being sensed by the sensor kinase KinA. ATP may have
a role in transmitting the state, plus or minus ligand, of the
signal-sensing domain of the sensor kinase to the autokinase
domain. Signal recognition by sensor kinases involves noncova-
lent-bonding interactions that drive the interconversion of con-
formational states, resulting in ATP hydrolysis and autophos-
phorylation. There exist many examples of proteins such as actin
or G proteins, recently termed energases, that transduce Gibbs
free energy of nucleotide hydrolysis to useful work (31). Perhaps
the ATP bound to the PAS-A domain is quasiequivalent to the
GTP of G proteins and serves as a mediator of the state of ligand
binding by driving the interconversion of the conformational
states of KinA. Signal ligands might act to either promote or
prevent ATP binding or ATP hydrolysis, making it possible for
different signals to activate or inactivate KinA.

KinA contains three PAS domains in its sensing domain, and
the experiments described in this study have concentrated on the
most amino-terminal PAS domain. Conceivably, each of the
KinA PAS domains could have a different function and/or sense
different parameters. It will be of interest to determine the
nature of the PAS-B and PAS-C signal ligands, if any exist, and
to determine whether the PAS domains act independently or
cooperatively to influence the activity of KinA. The data de-
scribed here extend the currently limited inventory of known
PAS domain ligands and may have important, broad implications
for PAS domain-mediated signal sensing in all organisms.
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