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Phosphorylation of the transcription factor encoded by spo0A is required for the initiation of sporulation in
Bacillus subtilis. Production and accumulation of Spo0A~P is controlled by histidine protein kinases and the
spo0 gene products. To identify additional genes that might be involved in the initiation of sporulation and
production of Spo0A~P, we isolated genes which when present on a multicopy plasmid could suppress the
sporulation defect of a spo0K mutant. kinC was one gene isolated in this way. A multicopy plasmid containing
kinC completely or partially suppressed the sporulation defect caused by mutations in spo0K, kinA, spoOF, and
spo0B, indicating that at least when overexpressed, KinC is capable of stimulating phosphorylation of Spo0A
independently of the normal phosphorylation pathway. The predicted product of kinC is 428 amino acids long
and is most similar to KinA and KinB, the histidine protein kinases involved in the initiation of sporulation.
In otherwise wild-type strains, kinC null mutations caused little or no defect in sporulation under the
conditions tested. However, in the absence of a functional phosphorelay (spoOF or spo0B), KinC appears to be
the kinase responsible for phosphorylation of the sof-1 and rvt411 forms of Spo0A.

Cells of the gram-positive soil bacterium Bacillus subtilis
differentiate to form heat-resistant metabolically dormant
spores under appropriate conditions. The initiation of sporu-
lation depends upon activation of the SpoOA transcription
factor by phosphorylation (20), and a threshold concentration
of Spo0OA~P appears to be required (11). Spo0A~P is in-
volved in the transcriptional regulation of many sporulation
genes. It directly activates transcription of spollA, spollE, and
spollG, which are necessary for sporulation (4, 6, 48, 49, 57,
62). Also, SpoOA~P represses transcription of abrB (56),
which encodes a repressor of several genes involved in sporu-
lation (44, 55, 59, 64).

Spo0A receives phosphate, albeit indirectly, from KinA (2,
38) and KinB (58), histidine protein kinases that belong to a
conserved family of proteins known as sensor kinases. Sensor
kinases are generally involved in signal transduction; they au-
tophosphorylate and donate phosphate to particular proteins
in response to changes in the environment, modifying the ac-
tivity of those proteins. The proteins that receive phosphate
from sensor kinases belong to a conserved family of proteins
known as response regulators, which are often involved in
transcriptional regulation. Together, a sensor protein and its
cognate response regulator form a two-component system.
There are many examples of two-component systems involved
in signal transduction in bacteria (1, 37), and similar systems in
plants (10) and yeasts (36) have recently been identified.

Although Spo0A belongs to the response regulator family of
proteins, it does not normally obtain phosphate directly from a
histidine protein kinase. Rather, SpoOA receives phosphate
through a multicomponent phosphorelay (9). KinA (and other
kinases) first donates phosphate to response regulator SpoOF.
The phosphate is then transferred from SpoOF to Spo0OB and
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finally to Spo0A. A major function of the phosphorelay seems
to be to integrate multiple developmental signals that regulate
the initiation of sporulation (9, 22, 24-26).

We have identified and characterized a third kinase gene,
kinC, that is involved in the phosphorylation of Spo0A. This
gene was identified as a multicopy suppressor of a spoOK mu-
tant. The spo0K operon encodes an oligopeptide permease
that is required for efficient initiation of sporulation (39, 43,
45) and the development of genetic competence (45, 46) and
appears to affect activation of Spo0OA (45). We describe the
cloning and characterization of kinC, whose predicted product
is most similar to the sensor kinases KinA and KinB.

Certain altered function mutations in spo0A, e.g., sof-1
(surOF1), sur0B20, and A1l (21, 29, 51-53), can bypass the
need for spoOF and spoOB in sporulation. Presumably, in the
absence of spoOF or spoOB, these altered forms of Spo0A
obtain phosphate directly from some other source, probably
one or more histidine protein kinases (26, 53). We show that
KinC is one such kinase.

kinC was identified independently by Y. Kobayashi and his
colleagues in a screen for mutations that abolished the sup-
pressing activity of sur0B20 (31).

MATERIALS AND METHODS

Media. Routine growth and maintenance of Escherichia coli and B. subtilis was
done in LB medium (34). The nutrient sporulation medium used was 2XSG
medium (32) or DS medium (50). Media in plates were solidified with 15 g of
agar (Difco Laboratories) per liter. Sporulation proficiency was visualized on DS
or 2XSG plates. Antibiotics were used at the following concentrations: ampicillin
at 100 wg/ml, chloramphenicol (Cm) at 5 pg/ml, spectinomycin (Spec) at 100
wg/ml, neomycin at 5 pg/ml, and erythromycin and lincomycin together (MLS) at
0.5 and 12.5 pg/ml, respectively, to select for the erm gene. Cells were made
competent in S7 minimal medium as described previously (33, 45).

Strains and plasmids. Standard E. coli strains were used for cloning and
maintaining plasmids, as previously described (23, 45). The B. subtilis strains used
are listed in Table 1, and all are derived from strain 168. The JH642 (42) or PB2
(7, 45) strains were used as the wild type, as indicated. The plasmids used are
listed in Table 2, and some are illustrated in Fig. 1 and 2.

The AspoOE::spc allele contains the spc cassette from pUS19 (5) inserted into
a deletion of spoOE from 13 bp upstream of the spoOE start codon to the G in the
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TABLE 1. B. subtilis strains used in this study

Strain Genotype Comment(s) and/or reference

JH642 trpC2 pheAl 42

PB2 1rpC2 7

AG676 JH642 spoOBAPst pheA™ spoOBA allele cotransformed with
pheA™ (59)

JRL237 JH642 pHP13 pHP13 from BGSC* (8, 18)

JRL357 JH642 AspoOK357::neo

JRL358 JH642 Aspo0K358::erm (AspoOK::erm)

JRLA407 PB2 spoOK::pJL58

JRLAO8 PB2 Pspac-spo0K

JRLA17 PB2 AspoOK::erm

JRLA59 PB2 Pspac-spoOK spollA™ ::(spollA-lacZ neo) pJL52 spollA-lacZ (24, 60)

JRL530 JH642 spo0A9V pLK2 spo0A9V (43)

JRL532 JH642 spo0A9V pHP13

JRL550 JH642 spo0J93 pLK2 spo0I93 (43)

JRL552 JH642 spo0J93 pHP13

JRLS555 JH642 AspoOK::erm pLK2

JRLS558 JH642 AspoOK::erm pHP13

JRL595 JH642 pLK2

JRL645 PB2 AkinC645::spc (AkinC::spc)

JRL660 JH642 AkinC::spc

JRL753 JH642 AkinC::spe spo0A™-cat

JRL763 JH642 spoOBAPst pheA™ sof-1-cat sof-1 (21, 29) ~90% linked to cat by
transformation (16)

JRL764 JH642 spoOBAPst pheA™ rviAll-cat mtAll (51)

JRL766 JH642 spoOBAPst pheA™ spo0A*-cat

JRL767 JH642 spoOBAPst pheA™ sof-1-cat AkinC::spc

JRL768 JH642 spoOBAPst pheA™ ritAll-cat AkinC::spc

JRL770 JH642 spoOBAPst pheA™ mitAll-cat kinA::Tn917 kinA::Tn917 (2, 47)

JRL783 JH642 spoOFAS spoOBAPst pheA™ riAll-cat spoOFAS (29)

JRL790 JH642 AkinC::spc sof-1-cat

JRL791 JH642 AkinC::spc rvtAll-cat

JRL792 JH642 spoOFAS spoOBAPst pheA™ mtAll-cat AkinC::spc

JRL794 JH642 spoOFAS spoOBAPst pheA™ rtAll-cat kinA::Tn917

JRL796 JH642 spoOFAS spo0BAPst pheA™ pLK2

JRL797 JH642 spoOFAS spoOBAPst pheA™* pHP13

JRLS812 JH642 thrC::(kinC-lacZ erm)

JRL923 JH642 spoOFAS pHP13

JRL925 JH642 spoOFAS pLK2

JRLIY51 PB2 AspoOK::erm pLK2

JRL992 JH642 spoOE11 pLK2 spoOE11 (35, 40, 41)

JRL993 JH642 spoOE11 pHP13

JRL995 JH642 spoOBAPst pheA™" pLK2

JRL996 JH642 spoOBAPst pheA™* pHP13

JRL1010 JH642 kinA::Tn917 pHP13

JRL1011 JH642 kinA::Tn917 pLK2

JRL1124 JH642 AspoOE::spc spoOFAS spoOBAPst pheA™ pHP13

JRL1125 JH642 AspoOE::spc spoOFAS spoOBAPst pheA™ pLK2

KI644 JH642 spoOE11 kinA::Tn917

KI1521 JH642 spo0F221 rvtAll-cat::spc spoOF221 (43)

“ BGSC, Bacillus Genetic Stock Center.

TAG stop codon and was constructed by K. Ireton. The rvtA11 (51) and sof-1 (29,
53) alleles of spo0A that were used are ~90% linked by transformation to cat or
to spc (16, 22, 24), with the spc gene inserted at the Ncol site of the cat gene by
using pJL62 (Table 2).

We made a null mutation in spo0OK by deleting the first four genes of the spo0K
operon, from spo0KA codon 18 (at the Espl site) to spoOKD codon 127 (at the
BglII site) (45), and inserting an erm cassette. The plasmid that contains this
mutation is pJL50 (Table 2) and has the cat gene in the plasmid backbone. This
mutation was introduced into the chromosome by transforming wild-type cells
with linearized pJL50 and selecting for MLS". One of the MLS" Cm® transfor-
mants, resulting from a double crossover, was chosen as the AspoOK::erm mutant.
A similar deletion-insertion mutation was made by inserting a neo cassette
(AspoOK::neo) instead of erm.

A null mutation in kinC was made by deleting the region from 25 bp upstream
of the putative kinC start codon (the PstI site in Fig. 2) to codon 211 (the Clal
site in Fig. 2) and inserting the spc cassette from pJL74. This mutation, contained
on pLK25, was recombined into the chromosome by double crossover by trans-
forming the linearized plasmid into PB2 and selecting for Spec” and screening for
Cm®.

We constructed a kinC-lacZ transcriptional fusion that contains the sequence
from ~1.5 kb upstream of the putative kinC start codon to codon 211 and
introduced it into the thrC locus of the chromosome, using lacZ fusion vector
pDG793 (provided by P. Stragier). The plasmid containing this fusion is pLK114
(Table 2 and Fig. 2). pLK114 was linearized and transformed into wild-type cells
selecting for MLS". Double-crossover events that resulted in the introduction of
the kinC-lacZ fusion at thrC caused a Thr™ phenotype.

Making the multicopy plasmid library. Two different multicopy plasmid li-
braries were made in the B. subtilis-E. coli shuttle vector pHP13 (8, 18). pHP13
has two drug markers suitable for selection in B. subtilis: erm (which confers
MLS") and cat (which confers Cm"). In B. subtilis, pHP13 has a copy number of
approximately five or six per cell (8, 18). Chromosomal DNA from JH642 was
partially digested with Sau3A and electrophoresed on an agarose gel. DNA was
isolated from the size ranges of approximately 2 to 4.5 kb (library A) and
approximately 4.5 to 9 kb (library B), on the basis of size markers run in parallel.
Size-fractionated DNA was ligated into pHP13 that had been linearized with
BamHI and treated with phosphatase before transformation into E. coli selecting
for Cm". The transformants were pooled and plasmid DNA was prepared for
transformation into B. subtilis.
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TABLE 2. Plasmids used in this study

Plasmid Description (source or reference)”
Vectors

pBluescriptIl KS+ Ap; used for subcloning and sequencing (Stratagene)

PAGS58 Ap Cm (28)

pJH101 Ap Tc Cm; integrative vector (15)

pGEMB3Z{(+)::cat-1 (pGEMcat) Ap Cm; integrative vector (63)

pUCI18::erm Ap MLS; source of erm cassette (30)

pBEST501 Ap Neo; source of neo cassette (27)

pUS19 Ap Spec; integrative vector, source of spc cassette (5)

pJL62 Ap Spec; 1.1-kb BglI (blunted)-Ndel (blunted) spc cassette from pUS19 cloned into Ncol (blunted) of
cat gene in pJH101; used to convert Cm" Spec® strains to Cm® Spec’

pJL73 Ap Spec; 1.1-kb BglI (blunted)-Ndel (blunted) spc cassette from pUS19 cloned into Smal site of
pBluescript SK+

pJL74 Ap Spec; same as pJL73 except spc cassette is cloned in opposite orientation

pHP13 MLS Cm; B. subtilis-E. coli shuttle vector (8, 18)

pJL52 MLS; 0.5-kb BamHI (blunted)-Ncol (blunted) deletion of pHP13; helper plasmid used in conjunction
with pHP13 for homology assistance

pDG793 Ap MLS; vector used to construct lacZ transcriptional fusions and recombine into the chromosome at

Other plasmids

thrC (gift from P. Stragier)

Ap Cm; clone of spo0OK promoter region from Pvull site upstream of promoter to EcoRI site in

Ap; clone of spoOK promoter region (as in pDR18) in pBluescriptll SK+ (45)
Ap Cm; 3.6-kb EcoRI fragment from pDRY cloned into EcoRI of pDR18, putting all of spo0KA-D on

Ap Cm; 311-bp EcoRI (blunted)-Sall fragment, containing Pspac, from pAGS58 cloned into EcoNI
Ap Cm; Pspac replacement vector (Fig. 1); 1.3-kb BamHI-Sphl fragment containing lacl from pAG58
Ap Cm Neo; 1.3-kb neo cassette from pBEST501 cloned into Espl-Bg/II (sites lost) of pJL10; used to
Ap Cm MLS; 2.3-kb erm cassette from pUC18::erm cloned into Espl-BglII (sites lost) of pJL10; used
Ap Cm; 0.9-kb XmnI-Clal (blunted) fragment from pDR21 5 bp downstream from spo0K promoter

Ap Cm; 0.6-kb BamHI (blunted)-Sspl fragment from pDR21 containing a 368-bp fragment upstream
(23 bp) of the spoOK promoter cloned into Clal (blunted)-BamHI (blunted) of pJL51; used to make

MLS Cm; original kinC clone, ~3.5-kb Sau3A partial digest of JH642 chromosomal DNA cloned into

Ap Cm; 3.5-kb EcoRI (blunted) fragment of pLK2 cloned into PstI (blunted) of pGEMcat
Ap Cm Spec; 1.1-kb PstI-BamHI (blunted) spc cassette of pJL74 cloned into PstI-Clal (blunted) of

Ap; 3.5-kb EcoRI fragment from pLK2 cloned into EcoRI of pBluescriptll KS+

Ap MLS; kinC-lacZ; 2.3-kb EcoRI-Clal (blunted) fragment of pLK2 cloned into EcoRI-BamHI

Ap Cm; 0.7-kb EcoRV fragment from pLK2 into Smal of pGEMcat; contains kinC promoter

pDRY9 Ap Cmj; clone of spoOKB-E in pJH101 (45)
pDR18
spoOKA in pJH101 (45)
pDR21
pJL10
a single integrational plasmid
pJL45
(blunted)-Sall of pJH101
pJL47
cloned into pJL45 so transcription of lacl is opposite that from Pspac
pJLA49
make AspoOK::neo
pJL50
to make AspoOK::erm
pJL51
cloned into Sa/l (blunted) site of pJL47
pJL58
Pspac-spo0K
pLK2
BamHI of pHP13
pLK21 MLS Cm; 2.1-kb PstI fragment from pLK2 cloned into PstI site of pHP13
pLK22 MLS Cm; 1.4-kb Clal (blunted)-HindIII (blunted) deletion of pLK2
pLK23 MLS Cm; 1.4-kb PstI deletion of pLK2
pLK24
pLK25
pLK24; used to make AkinC::spc
pLKS56
pLK102 Ap; 2.2-kb Clal deletion of pLK56
pLK104 Ap; 0.4-kb EcoRV-Smal deletion of pLK102
pLK114
(blunted) of pDG793; used to make thrC::(kinC-lacZ)
pLK120
pLK121 Ap Cm; 0.2-kb Ndel (blunted)-EcoRI (blunted) deletion of pLK120
pLK124 Ap Cm; 0.4-kb BamHI-Pst1 fragment of pLK120 cloned into pGEMcat
pLK125 MLS Cm; 0.6-kb Apal (blunted)-Sall (blunted) deletion of pLK2
pLK126

Ap Cm; 102-bp Apal (blunted)-BamHI fragment of pLK104 cloned into Sa/l (blunted)-BamHI of
pGEMcat; used to disrupt orf277

“ Ap, Tc, Cm, Neo, Spec, MLS refer to resistance to the particular drugs. All sizes in kilobases are approximate.

Approximately 80 to 90% of the plasmids in library A had inserts, and the
chance that any particular fragment of the average 3.2-kb size is present in the
library is ~87%, assuming a random distribution of Sau3A sites, no bias in
selection in E. coli, and an average insert size of ~3.2 kb (probably an overes-
timate). For library B, ~60 to 70% of the plasmids had inserts and assuming an
average 5-kb size the chance that a particular fragment of average size is repre-
sented is ~50%.

Construction of a conditional spo0K mutant (Pspac-spo0K). We constructed a

conditional mutation of spo0OK by replacing the normal spoOK promoter with the
Lacl-repressible, isopropyl-p-p-thiogalactopyranoside (IPTG)-inducible pro-
moter Pspac (19, 28, 61), using the vector pJL47 (Fig. 1A). pJL47 can be used to
replace the promoter of a gene with the lacl cassette and Pspac in a two-step
process without leaving behind any drug resistance marker.

pJLS8 contains DNA from immediately upstream and downstream of the
spoOK promoter cloned into pJL47 (Fig. 1B and Table 2) and was used to replace
the normal spoOK promoter with Pspac in two steps. Transformation of pJL58
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FIG. 1. Making a Lacl-repressible, IPTG-inducible allele of spoOK. (A)
pJLA7 contains lacl under control of the constitutive P, promoter and the
Lacl-repressible, IPTG-inducible promoter Pspac (19, 61). (B) pJL58 contains
sequences from both upstream (stippled box) and downstream (striped box) of
the spoOK promoter cloned upstream and downstream, respectively, of the lacl-
Pspac cassette of pJL47. When transformed into wild-type cells selecting for Cm*
(integration step), pJL58 can recombine either with the upstream spoOK se-
quence (shown), which would result in a phenotypically Spo™ transformant, or
with the downstream spo0OK sequence (not shown), which would result in a
transformant which was Spo* only in the presence of IPTG. Cells that had
undergone a second recombination event that left behind the lacI-Pspac cassette
in place of the spoOK promoter (excision step) were isolated as described in
Materials and Methods. These cells were Cm® and Spo™ in the absence of IPTG
and Spo™ in the presence of IPTG. Restriction site abbreviations: E, EcoRI; C,
Clal; B, BamHLI; S, Sphl; L, Sall.

200bp
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into wild-type cells yielded two types of transformants. One class was Spo™ and
most likely resulted from recombination with sequences upstream of the pro-
moter. The other class was Spo~ in the absence of IPTG and Spo* in the
presence of IPTG. This class most likely resulted from recombination with
sequences downstream of the promoter. Three Spo* transformants were chosen
and used to screen for a second recombination event that would leave behind the
lacI-Pspac cassette in place of the spoOK promoter (Fig. 1B). The Spo™ trans-
formants were grown to stationary phase in LB medium in the absence of
selection for the integrated plasmid, that is, in the absence of Cm. We screened
~13,000 colonies on sporulation plates (lacking IPTG and Cm) and identified
two Spo~ colonies that were also Cm?®. The sporulation phenotypes of both of
these colonies were completely dependent on IPTG; they were Spo* in the
presence of 1 mM IPTG, and Spo~ in the absence of IPTG (data not shown).
The sporulation and competence phenotypes in the absence of IPTG were
indistinguishable from those of a spo0OK mutant. One isolate, JRL408 (Pspac-
spoOK), was chosen for further experiments. Strains containing the Pspac-spo0K
fusion as the only copy of spoOK could be made competent under permissive
conditions (in the presence of IPTG), and transformants could be screened
under nonpermissive conditions (in the absence of IPTG).

Plasmid marker rescue transformation. To facilitate transformation of either
of the libraries into B. subtilis, we constructed a helper plasmid that could be used
in combination with pHP13 (8). The helper plasmid, pJL52, was made by delet-
ing pHP13 from BamHI to Ncol. This deletes part of cat, and pJL52 does not
confer Cm" but still confers MLS".

Conditions for the suppressor screen. Since spo0K mutations cause a more
severe sporulation defect in the PB2 strain background than in the JH642
background (45), it seemed that a screen for multicopy suppressors of spoOK
might be more sensitive in the PB2 background. Accordingly, we constructed a
PB2 derivative that contained the Pspac-spo0K fusion, the helper plasmid pJL52,
and a spollA-lacZ transcriptional fusion (24). This strain, JRL459, was grown in
the presence of MLS to maintain pJL52. JRL459 was made competent in S7
minimal medium (plus tryptophan at 40 wg/ml) in 1 mM IPTG to allow expres-
sion of spo0K. Competent cells were transformed with the pHP13-based multi-
copy plasmid libraries, and Cm" transformants were selected on 2XSG plates
containing Cm or containing Cm and 5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside (X-Gal; 120 pg/ml). Transformants that had a more pronounced Spo*
morphology or that were darker blue on X-Gal (indicating increased expression
of spollA-lacZ) than the parent strain were chosen for further analysis.

Sporulation assays. Cells were grown in DS or 2XSG medium at 37°C unless
otherwise indicated, and spores were assayed approximately 20 h after the end of
exponential growth. The number of viable cells per milliliter of culture was
determined as the total number of CFU on LB plates. The number of spores per
milliliter of culture was determined as the number of CFU after heat treatment
(80°C for 20 min). Sporulation frequency is the ratio of spores per milliliter to
viable cells per milliliter.

DNA sequencing. The Sequenase V 2.0 kit (U.S. Biochemical Corp.) was used
to sequence double-stranded plasmid DNA. The sequence of one strand or the
other was determined from different subclones of pLK2 inserted into pBlue-
scriptIl KS by using either the universal or reverse primer. To determine the
sequence of the opposite strand, primers complementary to the sequence deter-
mined with the pBluescript subclones were made, and these primers were used
to sequence pLK2.

Primer extension analysis. JRLI51 (AspoOK::erm pLK2) was grown in 2XSG
medium, and 50-ml samples were taken at various times for preparation of RNA
essentially as described previously (3, 23). The sequence of the primer LKP16
was 5'-TTCTTCAGAAAGCTGTTTATACTTCCATTC-3’, and its complement
is one of the underlined sequences in Fig. 3. The primer was end labeled with 32P,
essentially as described previously (3), and purified with a NICK spin column by
the protocol supplied (Pharmacia). The protocol for hybridization extension

~1.2kb
FM "
_Vw . | kinC H orf277 l
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WW pLK2
pLK21
pLK23
pLK22, pLK114
pLK125
pLK120
-_— K21
_pIKI124 ——pLK126
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L N
.
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FIG. 2. Map of the kinC region and plasmids. Restriction site abbreviations: R, EcoRV; N, Ndel; P, PstI; C, Clal; A, Apal; E, EcoRI.
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EcoRV
CTAAAAAAGGCGGAGTGATATCATCTCCGCCTTTTTTGCGTGCCAATTTTTGATTACCGCCGCCTAAGATAAGACATCAAGATATTTGGT
—_— B e

AATGAATGATTTGGGATACTTTACATATTTTACTCAATTATTTGTCGAAGAATGGTACAATAAGTAGAGAAACACAAGCGGCAGGTCGTC
ATATGAGAAAATATCAAGCTCGTATCATTTCCATCATTTTGGCAATGATTTTTATAATGTTTTGGGATTATTTATTTTATTTTATAGGCA
M R K Y ¢ A R I I § 1 1 L. AM I F I M F WD Y L F Y F I G K
AAAACCCGATTAATTGGCCTGTTGATATTGTGTATACTGCAGTCACGCTGGTAAGTGTCTGGATGTTGGCTTATTATATTGATGAGAAAC
N P I N W P V D I VY T AV TL V SV WML A Y Y I D E K Q
AGCAGCTGGTTAAGAAAATGAAGGATAACGAATGGAAGTATAAACAGCTTTCTGAAGAAAAARAACCGCATCATGGATAATTTGCAGGAAA
Q L V X K M KDUNZEWIZ K YK QUL SETETZ KNI RTIMMDNTILOQEI
TCGTATTTCAAACGAATGCAAAAGGTGAAATTACATATTTAAACCAAGCGTGGGCATCTATAACCGGGTTTTCAATCAGTGAATGTATGG
vV F Q T N A K G E I T YL NQ A WA S I T GG VF S I 8 E C M G
GAACAATGTATAACGATTACTTCATAAAAGAAAAGCACGTAGCCGACCACATTAACACCCAAATCCAAAACAAAGCGTCTTCTGGCATGT
T M Yy N D Y F I K E K H V A DHTINT QI Q N KA S S G M F
TTACGGCAAAATACGTGACAAAAAACGGCACGATTTTTTGGGGAGAAGTTCATTATAAACTTTACTATGACCGGGATGACCAATTTACAG
T A K Y v T K N G T I F W G E V H Y K L Y Y D R DD Q F T G
GCAGCCTGGGTACAATGTCAGATATCACTGAGCGGAAAGAGGCTGAAGATGAGCTCATTGAGATTAATGAACGGCTGGCGAGGGAATCCC
s L. ¢ T™M S DI TEURIKEAZET DETLTIETINERTILAIRE S Q
AGAAACTATCAATCACAAGTGAACTTGCCGCAGGTATTGCTCATGAGGTCAGAAACCCTTTAACATCTGTCAGCGGTTTCCTCCAGATTA
K L. s I T S$ E L A A G I A H EV RN P L T S V s G F L Q I M
TGAAAACACAATATCCGGACAGAAAAGACTATTTTGACATCATCTTTTCAGAGATTAAAAGAATCGATTTAGTGCTCAGCGAGCTGCTGC
K T ¢ Y P DRKD Y F D I I F S ETI KR I DL VL S E L L L
TGCTTGCAAAACCGCAGGCAATCACATTTAAAACACACCAGCTTAATGAGATCTTGAAACAAGTCACCGACATTGCTTGATACCAATGCAA
L A K p Q A I TF K TH L N E I L K oV ™ TUL L D TN A I
TTCTGTCCAATATCGTCATAGAGAAAAATTTCAAAGAGACAGATGGCTGTATGATTAATGGAGACGAAAATCAGCTCGAAGCAGGTCTTTA
L $ N I VI E K NVF K ETDGCMTINGDENZQTLI K Q V F I
TCAACATCATTAAAAACGGAATTGAGGCAATGCCAAAGGGCGETGTCGTAACCATTTCAACTGCTAAAACCGCCTCTCATGCAGTGATAA
N I I K N G I E A M P K G GGV V T I s TAI K TA S H A V I s
GCGTAAAGGATGAAGGAAACGGCATGCCGCAGGAAAAGCTGAAGCAGATTGGCAAACCTTTTTATTCAACAAAAGAARAGGGCACTGGAC
vV XK b EGNGMUPQE KL K QI G K P F Y S T KEIKGT G L
TGGGACTTCCCATTTGTTTGAGAATCCTGAAGGAACATGACGGGGAATTGAAAATCGAAAGTGAAGCTGGAAAAGGCAGCGTCTTTCAAG
¢G L p I ¢ L R I L K EHDGETLI K I E S EAU G KG S V F QV
TGGTTTTGCCTTTAAAATCAGACAGCTGAGAGGAGAAAAATAAAGTGAACTCGCTTCTGTTTGTATACGGGACATTAAGAAAGCATGAAA
v L P L K & D 5 * orf277 M N s L L, F VvV Y G T L R K H E K
AAAACCATCATTTGCTGGCACAATCGGCATGTATCAATGAGCAGGCGAGAACAAAGGGAAGTTTGTTTGCTGCAAAAGAGGGGCCCACAG
N HH L L A Q S A CI NUEUQARTI KX G S L F A A K E G P TV
TTGTTTTCAATGATGAAGATGAAGGCTATATATATGGCGAAGTATATGAAGCAGATGAATTGTGTATACATAAGCTCGATCAATTTTTTC
vV F ND E D E G Y I ¥ G E V Y E A D EUL C I H KL D Q F F Q
AAGGATATCATAAACAAACGGTGTTTGTAGAAACGGATGTCGGGATTAAAATTGCGCTTATTTATTTTATGAACAAAGACGGGTGTGCCG
G Y H K TV F VETDV G I K I AL I Y F MNIKDG C A G
GTTTTACGAAAATAAGCAGCGGCGACTGGAAAGAACATCAGATGATCAGCAAATCGAAAAATCCCATTTATTATTTTGCCTATGGATCAT
F T K I s 8 G D WK E H QM I s K S K NP I Y Y F A Y G 8 C
GCATGGATAATGCCCGCTTTCAAAAAGCGGGAGTCGATCACTATTTTCAAGATCCAGTAGGAAGAGCTGTTTTAAAAGGATACACAACCC
M D NARVF Q KA GV DHY F QD PV G R AV L K G Y T TR
GCTTCACGCTAAAAAGGGAAGACGGTTCAAGAGCGGACATGTTGCGAAGACGGAGGAACAACAGAAGGCGTTTTATACCGTATCCCTTATT
F T L X R ED G S RADMULEDSGSGT T TE GV L Y R I P Y S
CTGCTCTCTCCTATCTATATAAAAGGGAGGGCGTCGAATCTCTTACGTATCGGCCGGCATTTGTAGACGTTGAAGCTGGCGGAAGGCACT
A L § Y L Y K R EGV E S L TYRPAVFV DV EA G G R H Y
ACAAAGACTGTTTAACCTTTCTCGTCCTCCAAAAAGAAGCGGAAATTGCCCCGCCTCAGCACTATCAGATTGAAATCGAACGCGGAGCGG
K b ¢ L TPF L VL Q K EAUETIAW®PUPQH Y @ I E I E R G A E
AGCTGTATTTGTCGCCTGAGTTTACTGAAAAGCTCAAGCGGCATATGAATTCGCTGCCAAAAGGATAACACTGTAACAAAAGAATATGAT
L ¥y L 8 p E F T E K L K R H M N S L P K G *
AAAATTTGATC 2351
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FIG. 3. Nucleotide and amino acid sequences of kinC. The DNA sequence was determined from both strands as described in Materials and Methods. An inverted
repeat surrounding the EcoRV site upstream of kinC is indicated by a pair of arrows. A putative —10 region for a sigma-A promoter is shown with a thick underline.
The transcriptional start site is indicated with an arrow at nucleotide 158. Putative ribosome binding sites for KinC and Orf277 are underlined, and putative translational
start sites for KinC and Orf277 are in boldface type. A sequence complementary to primer LKP16, which was used for primer extension analysis, is underlined with

a single arrow.

reactions was essentially as described previously (3, 23) except that we used 200
g of RNA in each sample instead of 50 pg.

Transduction. We grew a PBS1-transducing lysate on JRL660 (AkinC::spc
trpC2 pheAl) and used it to transduce some of the mapping kit strains (13)
essentially as described earlier (12). In the three-factor cross between AkinC::spc,
spoOE11, and kinA::Tn917, transductants were tested for MLS" and the colony
morphology was analyzed to distinguish between the different classes of recom-
binants. It was relatively easy to distinguish spoOE11 from kinA::Tn917 from the
spoOE11 kinA::Tn917 double mutant.

B-Galactosidase assays. For determination of B-galactosidase specific activity,
cells were grown in 2XSG medium and samples were taken at appropriate times.
Prior to the enzyme assay, cells were removed by centrifugation and resuspended
in Spizizen salts (54). B-Galactosidase specific activity is expressed as (AA44,( per
minute per milliliter of culture per unit of optical density at 600 nm) X 1,000
(34).

Nucleotide sequence accession number. The kinC sequence shown in Fig. 3 has
been assigned the data bank accession number 1.34803.

RESULTS

Isolation of genes which, when present on a multicopy plas-
mid, suppress spo0K mutants. spo0OK null mutants are defective
in competence development and have a decreased frequency
of transformation. We constructed a conditional spo0OK muta-
tion so that a multicopy plasmid library could be introduced
into the mutant under permissive conditions and be screened
for the desired clones under nonpermissive conditions. The
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conditional allele replaced the normal spo0K promoter with
the Lacl-repressible, IPTG-inducible promoter, Pspac, such
that the Pspac-spo0K fusion was present as a single copy in the
chromosome and was the only copy of spo0K (see Materials
and Methods; Fig. 1B). Cells containing the Pspac-spo0K fu-
sion (JRL408) were Spo~ in the absence of IPTG and Spo™ in
the presence of IPTG. The sporulation frequency in the ab-
sence of IPTG was similar to that of a spoOK null mutant, while
the frequency in the presence of IPTG was similar to that of
wild-type cells. In addition, the Pspac-spo0OK mutant was partly
defective in transformation (Com™) in the absence of IPTG
and Com™ in the presence of IPTG.

B. subtilis takes up transforming DNA as a linear single
strand, making establishment of a multicopy circular plasmid
rather inefficient. However, incoming DNA is able to recom-
bine with homologous sequences very efficiently. To facilitate
introduction and establishment of a multicopy plasmid library
in B. subtilis, we constructed a helper plasmid, pJL52, that
could be used in combination with the cloning vector pHP13
(see Materials and Methods). When a competent cell contain-
ing pJL52 takes up a plasmid monomer from a pHP13-based
library and linearizes it, pJL52 provides the homology neces-
sary for the plasmid to recombine and form a closed circular
plasmid. One can select for these recombination events by
using the Cm" marker that is present on pHP13 but not on
pJL52. This general process is known as plasmid marker rescue
transformation or homology assistance (8, 17).

Two different multicopy libraries (see Materials and Meth-
ods) were used to screen for genes which when overexpressed
could suppress the sporulation defect caused by mutations in
spoOK. Strain JRLAS59 (Pspac-spoOK pJL52 spollA-lacZ) was
grown and made competent in the presence of IPTG (pheno-
typically SpoOK™), transformed with plasmid DNA from each
library, and screened for sporulation phenotypes in the ab-
sence of IPTG (SpoOK ™). We screened for transformants that
had a Spo™ colony morphology on sporulation plates or that
had increased expression of a spoll4-lacZ fusion, as judged by
their blue color on sporulation plates containing X-Gal.

We screened approximately 11,000 transformants (~4,300
from library A and ~6,700 from library B) and found 9 that
contained plasmids that reproducibly suppressed the sporula-
tion defect caused by the conditional spo0OK mutation. To test
whether these plasmids suppressed the sporulation defect
caused by a true spoOK null mutation (AspoOK::erm), we iso-
lated plasmid DNA from the candidates and introduced it into
the wild type (PB2), a Pspac-spoOK mutant (JRL408), and a
AspoOK::erm mutant (JRL417). All nine plasmids suppressed
the sporulation defect caused by the AspoOK::erm mutation as
well as that caused by the Pspac-spo0OK mutation.

Restriction mapping of the nine plasmids showed that they
fell into two classes, exemplified by the plasmids pLK2 and
pLK11. The genes contained on these plasmids were called
mskA and mskB, respectively, where msk stands for multicopy
suppressor of spoOK. These two plasmids suppressed the
sporulation defect but not the competence defect caused by
null mutations in spoOK. Below, we describe the characteriza-
tion of pLK2.

pLK2 contains a gene (kinC) encoding a histidine protein
kinase homologous to KinA and KinB. Various fragments
from the insert in pLK2 were subcloned into the multicopy
vector (pHP13) to yield pLK21, pLK22, pLK23, and pLK125
(Fig. 2 and Table 2). These clones were used to identify the
region responsible for suppression of the spo0OK sporulation
phenotype. The insert in pLK125 extends from the left end of
pLK2 (as drawn in Fig. 2) to the Apal site and completely
suppressed the spoOK sporulation phenotype. pLK21 contains
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KinB SAKRNGHTIM INITDNGVGM TDHQMQKLGE PYYSLKTNGT GLGLTVTFSI 398
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FIG. 4. Comparison of the C-terminal region of KinC to the C-terminal

regions of KinA and KinB. The sequences are aligned according to the PILEUP
program of the University of Wisconsin Genetics Computer Group (14). The
first residues shown are amino acids 389, 204, and 205 for KinA, KinC, and KinB,
respectively. In the regions shown, KinC is 51% identical to KinA and 36%
identical to KinB. Residues that are highly conserved in the family of sensor
kinases (1, 37) are indicated in slightly enlarged boldface type. In KinC, these
residues include the conserved histidine that is thought to be the site of phos-
phorylation at position 223, the asparagine at position 331, and the two glycine-
rich regions at positions 363 to 367 and 387 to 391.

the right end of the insert in pLK2 and ends at the PstI site and
partially suppressed the sporulation phenotype. pLK22 and
pLK23 did not suppress the spoOK mutant. These results indi-
cate that the suppressing activity is located upstream of the
Apal site.

We determined the DNA sequence from the leftmost
EcoRV site shown in Fig. 2 to the right end of the pLK2 insert.
Analysis of the sequence (Fig. 3) revealed two open reading
frames. The predicted protein product of the first open reading
frame, kinC, is 428 amino acids long and is homologous to
histidine protein kinases. KinC is most similar to the two his-
tidine protein kinases involved in sporulation, KinA (2, 38) and
KinB (58). In the carboxy-terminal 213 amino acids of the
proteins, KinC has 111 residues (51%) that are identical to
those of KinA, and 81 (36%) that are identical to those of
KinB (Fig. 4). The ability to suppress the spoOK sporulation
defect was localized to the kinC open reading frame (as dis-
cussed above). pLK21, which partially suppresses the sporula-
tion defect, is truncated in the 5’ end of the open reading
frame and probably produces a protein fragment that is likely
expressed from a plasmid promoter.

Just downstream of kinC, there is an open reading frame
predicted to encode a protein of 277 amino acids, Orf277 (Fig.
3). The orf277 gene product does not appear to be similar to
any other protein in the database. In particular, it does not
seem to be a member of the response regulator family of
proteins (sensor proteins and their cognate response regula-
tors often occur in the same operon [1]), nor is it similar to
KapB, the product of the gene downstream of kinB (58).

Effects of overexpression of kinC in different spo0 mutants.
We tested the ability of multicopy kinC (pLK2) to suppress the
sporulation defect caused by spo0 mutations. In all cases, the
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TABLE 3. Suppression of spo0 mutants by multicopy kinC

Sporulation frequency”

Relevant genotype of strain

harboring plasmid pHP13 pLK2
(vector) (multicopy kinC)

WT? (JH642) 0.41 0.81
AspoOK::erm 6.0 x 1073 0.63
kinA::Tn917 9.8 X 1072 0.28
spo0A9V <9.0 X 1078 <82x1078
spo0J93 21 X107 0.21
spoOEI1 25%x1073 6.9 x 1073
spoOFAS <2.4 %1077 9.8 x 1073
spoOBAPst <4.1x 1077 1.1x 1072
spoOFAS spoOBAPst <1.8x 1077 2.5x1072
spoOFAS spoOBAPst AspoOE::spc 8.5x 1077 0.22

“ Cells were grown in DS medium with Cm, and sporulation frequency was
determined as described in Materials and Methods.
b WT, wild type.

sporulation frequency was measured in otherwise isogenic
strains containing the specific sporulation mutation and either
pLK2 or the cloning vector, pHP13. pLK2 significantly sup-
pressed the sporulation defect caused by spo0OK, spo0J, spoOF,
and spo0B mutations (Table 3). In addition, it also suppressed
the sporulation defect of a kin4 mutant (Table 3). Multicopy
kinC did not suppress the sporulation defect of the spo0A9V
mutant or that of the spoOE11 mutant. Because multicopy kinC
is able to significantly bypass the need for spoOF and spo0OB in
sporulation, it appears that KinC, at least when overexpressed,
is able to act directly on SpoOA.

The effect of pLK2 on the spo0B mutant makes it possible to
determine the likely target of SpoOE in vivo. Recent in vitro
experiments demonstrate that SpoOE is a phosphatase that
removes phosphate from SpoOA~P (35). spoOEI11 is a non-
sense mutation that produces an N-terminal fragment of
SpoOE and inhibits sporulation (41), most likely because of
increased phosphatase activity (35).

If the in vivo target of SpoOE is one of the components of the
phosphorelay (SpoOF or Spo0B), then spoOE mutations should
have little or no effect in the absence of a functioning phos-
phorelay. On the other hand, if the in vivo target of SpoOE is
Spo0A, as suggested by the in vitro results (35), then spoOE
mutations are likely to have effects in the absence of the phos-
phorelay, if they can be measured. pLK2 partially suppressed
the sporulation defect of a spoOF spoOB double mutant (Table
3), and this suppression was enhanced by a null mutation in
spoOE (Table 3; spoOF spoOB AspoOE::spc). Since the spoOE
mutation causes a phenotype in the absence of SpoOF and
Spo0B, Spo0E is probably inhibiting Spo0A directly, consistent
with the in vitro results.

kinC null mutations have no significant effect on sporula-
tion. To characterize the phenotypes caused by loss of kinC, we
constructed a strain (JRL660) containing a deletion-insertion
mutation in kinC, AkinC::spc (Fig. 2; see Materials and Meth-
ods). The AkinC::spc mutation had little or no effect on the
sporulation frequency, compared with that of the wild type
(Table 4). Sporulation conditions tested included 2XSG me-
dium (Table 4), DS medium, minimal exhaustion medium, and
minimal medium with decoyinine (data not shown). In addi-
tion, the AkinC:spc mutation did not alter the sporulation
defect caused by mutations in kinA, spoOK, or spo0J (data not
shown). The AkinC::spc mutation also had little or no effect on
competence development or expression of comG-lacZ com-
pared with that of otherwise isogenic kinC™" cells (data not
shown).
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TABLE 4. kinC requirements of strains for suppression

of spoOBAPst by sof-1 or rvtAll

Strain Relevant genotype Sporulation frequency”
JH642 wT? 0.59
JRL753  AkinC::spe 0.92
JRL791  AkinC::spc mitAll 0.51
JRL790  AkinC::spc sof-1 0.70
JRL766  spoOBAPst <41x1078
JRL763  spoOBAPst sof-1 3.6 X107
JRL767  spoOBAPst sof-1 AkinC 1.4 x 1077
JRL764  spoOBAPst mtAll 21 %1073
JRL768  spoOBAPst rtAll AkinC <2x1078
JRL783  spoOFAS spoOBAPst rvtAll 0.73
JRL792  spoOFAS spoOBAPst mtAll AkinC <1x1077
JRL770  spoOBAPst mitAll kinA 1.2x107°
JRL794  spoOFAS spoOBAPst ritAll kinA 0.34

“ Cells were grown in 2XSG medium, and sporulation frequency was deter-
mined as described in Materials and Methods.
b WT, wild type.

KinC is required for sof-1 and rvi411 to suppress the sporu-
lation defect of spo0B mutants. The sof-1 and rntAl1 alleles of
spo0A bypass or partially bypass the sporulation defect caused
by mutations in spoOF and spoOB, possibly because these al-
tered forms of SpoOA will accept phosphate from kinases in-
dependently of SpoOF and Spo0OB. To determine whether KinC
is one such kinase, we introduced the AkinC::spc mutation into
a spo0OB mutant that had either the sof-1 or ntAll allele of
Spo0A. The kinC mutation completely abolished the suppress-
ing effect of either allele (Table 4). In addition, kinC was
required for sof-1 and rtA11 to suppress spoOF mutants (data
not shown). kinC, and not orf277 or any other gene down-
stream of kinC, was responsible for this phenotype. Disruption
of orf277 by integrating pLK126 (Fig. 2) by a single crossover
had no effect on the ability of 411 to suppress spoOF221
(data not shown). These results indicate that KinC is the major
kinase that donates phosphate to the sof-1 and rvt411 forms of
Spo0A in the absence of SpoOF or Spo0B.

Additional results suggest that KinC can also act on SpoOF
and, in some conditions, might prefer SpoOF to SpoOA. The
incomplete suppression of the spo0B mutant by sof-1 or rtA11
was due to the presence of spoOF*. nitAll allowed spoOF
spo0B double mutants to sporulate at a much higher frequency
than the otherwise isogenic spo0OB single mutant, and this sup-
pression was completely dependent on kinC (Table 4). Null
mutations in kinA significantly reduced the sporulation fre-
quency of the spo0B rvtA11 strain but had no significant effect
on sporulation of the otherwise isogenic spoOF spoOB rvtA11l
strain (Table 4). Together, these results indicate that KinC
probably interacts with SpoOF and that the presence of SpoOF
inhibits the ability of KinC to donate phosphate to SpoOA™*1/Z,
Furthermore, the absence of KinA probably increases the
amount of unphosphorylated SpoOF, increasing the KinC di-
verted from Spo0A™*/ and decreasing the ability of the cells
to sporulate. These results suggested that KinC normally can
interact with SpoOF and probably contributes to the initiation
of sporulation.

Genetic mapping of kinC. We used generalized transduction
with PBS1 to determine the chromosomal map location of
kinC. A PBS1 lysate was made from JRL660 (AkinC::spc) and
used to transduce the mapping kit strains (13) to Spec'. The
initial results indicated that kinC was ~15 to 20% cotrans-
duced with pyrD™. A series of two-factor crosses indicated that
kinC was ~50% linked to spoOE and ~50% linked to kinA. To
map kinC with greater resolution, we did a three-factor cross
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FIG. 5. Primer extension analysis of kinC mRNA. RNA was obtained as
described in Materials and Methods, and extensions were performed with primer
LKP16 (Fig. 3). The sequencing ladder (lanes G, A, T, and C) was constructed
from pLK2 by using primer LKP16. The KinC band is indicated by an arrow.

with AkinC:spe, spoOE11, and kinA:Tn917. Strain K644
(kinC™ spoOE11 kinA::Tn917) was transduced to Spec’ with a
PBS1 lysate grown on JRL660 (AkinC::spc spoOE™ kinA™).
spoOE™ was cotransduced with AkinC::spc in 107 of 199 trans-
ductants, and kinA " was cotransduced with AkinC::spc in 147
of 199 transductants. Every spoOE™ transductant was also
kinA™ (MLS®), indicating that the gene order is spoOE-kinA-
kinC.

Localization of the promoter and primer extension analysis.
Preliminary analysis indicated that the kinC promoter was be-
tween the EcoRV and Ndel sites upstream of the kinC open
reading frame (Fig. 2). This was determined by integrating
various plasmids into a spoOF rvtAll strain (KI1521). If the
insert in the plasmid was internal to the kinC transcription
unit, then integrating the plasmid would disrupt kinC and the
strain would become Spo~. If the plasmid extended past the 5’
end of the transcription unit (or past the 3’ end of kinC), then
integrating the plasmid would not disrupt kinC and the cells
would remain Spo*. Integration of pLK121 and pLK124 re-
sulted in a Spo~ phenotype, while integration of pLK120 main-
tained the Spo™ phenotype. These results indicated that the
promoter region of kinC was probably between the upstream
endpoint of pLK120 (EcoRV) and the upstream endpoint of
pLK121 (Ndel).

We performed primer extension analysis, using primer
LKP16 (see Materials and Methods; Fig. 3), to localize the 5’
end of the kinC mRNA. RNA was prepared from strains grown
in 2XSG medium. Despite repeated attempts, we could not
detect kinC-specific RNA from wild-type cells. However, a
kinC transcript was easily detected from a strain (JRL951) with
multicopy kinC (Fig. 5). The 5’ end of the mRNA is ~25
nucleotides upstream of the kinC start codon (Fig. 3 and 5).
Just upstream of the putative start site is a sequence that
matches the consensus for the —10 region of sigma-A promot-
ers in five of six positions (Fig. 3). However, sequences located
in the —35 region do not show a striking resemblance to the
—35 consensus sequence for sigma-A promoters, perhaps ex-
plaining the evidently low level of expression of kinC. Just
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FIG. 6. Expression of kinC-lacZ. Strain JRL812 [thrC::(kinC-lacZ erm)] was
grown in 2XSG medium, and samples were taken at the indicated times for
determination of B-galactosidase specific activity. Similar results were obtained
with cells grown in DS medium, except that specific activity levels were reduced
(data not shown).

upstream of the putative —10 region is a perfect 0A box,
TGNCGAA, the consensus binding site for Spo0A (56). On
this basis, one might expect Spo0A or Spo0A~P to act as a
repressor of kinC. However, a spo0A null mutation had rela-
tively little effect on kinC-lacZ expression (as discussed below).
This could indicate that SpoOA does not control expression of
kinC or that the effect of the spo04 mutation was masked by
other regulatory factors.

kinC is expressed as cells enter stationary phase. To deter-
mine how kinC is normally expressed, we made a kinC-lacZ
fusion and introduced it into the chromosome by double-cross-
over recombination at the #hrC locus by using pLK114 (Fig. 2;
see Materials and Methods). The kinC-lacZ fusion contains all
of the sequences upstream of the kinC open reading frame that
are present in pLK2. The level of expression of kinC-lacZ was
low during exponential growth in 2XSG medium and increased
as the cells approached stationary phase (Fig. 6). The low level
of B-galactosidase specific activity made it difficult to reliably
determine quantitative effects of various regulatory mutations
on kinC-lacZ expression. However, there seemed to be no
significant effect of mutations in spo0A4, spo0B, spoOF, spoOH,
spoOK, kinA, abrB, comP, comA, and sin on expression of the
kinC-lacZ fusion (data not shown). Of course, we cannot rule
out the possibility that there is an effect under other conditions
or in other strain backgrounds.

DISCUSSION

We have isolated and characterized B. subtilis kinC, a gene
which when present on a multicopy plasmid suppresses the
sporulation defect caused by a null mutation in spo0K. Identi-
fication of genes on the basis of phenotypes caused by in-
creased expression is a relatively general approach that is eas-
ier than and can sometimes be used in place of isolating gain-
of-function mutations. In addition, genes that might be difficult
to identify on the basis of phenotypes caused by loss-of-func-
tion mutations are sometimes easier to identify on the basis of
phenotypes caused by overexpression.

The kinC gene product is homologous to histidine protein
kinases and is most similar to KinA and KinB, the histidine
protein kinases involved in the initiation of sporulation (2, 38,
58). On the basis of this homology and the phenotypes caused
by overexpression and deletion of kinC, we infer that the kinC
gene product is a histidine protein kinase. kinC in multicopy
partly bypasses the need for spoOF and spo0B in sporulation,
suggesting that KinC, at least when overexpressed, is able to
donate phosphate directly to Spo0OA. Mutations in spo0A (sof-1
and mntA11) that bypass the need for the phosphorelay require
kinC in order to support sporulation. Thus, KinC appears to be
the primary kinase responsible for phosphorylation of the sof-1
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and nvtA11 forms of Spo0A and for sporulation in these strains
in the absence of the phosphorelay.

We suspect that KinC is also able to donate phosphate to
SpoOF. SpoOF is a response regulator protein and presumably
obtains phosphate in vivo from KinA and KinB. We found that
the presence of spo0F* inhibited the ability of a spo0B rvtAll
mutant to sporulate (Table 4). A simple interpretation of this
finding is that SpoOF can compete with Spo0A™** for access to
KinC~P. This would suggest that KinC might normally play a
role in donating phosphate to SpoOF in wild-type cells.

In addition to the three kinases and SpoOF and Spo0B, other
proteins also control accumulation of Spo0A~P in vivo, either
by regulating activity of the phosphorelay or by acting on
Spo0A directly. spoOE encodes a phosphatase that is an inhib-
itor of the initiation of sporulation (35, 41). In vitro, the target
of the Spo0E phosphatase is SpoOA~P, suggesting that in vivo
Spo0A~P might also be the primary target (35). We used
multicopy kinC to show that SpoOE can function independently
of the phosphorelay (Table 3), indicating that the in vivo target
is probably SpoOA~P, consistent with the in vitro results.

One function of the phosphorelay is to integrate the multiple
developmental signals that regulate the initiation of sporula-
tion (9, 22, 24-26). One of the developmental signals control-
ling the activity of the phosphorelay is related to the state of
DNA replication. The activity of the phosphorelay is inhibited
when DNA replication is inhibited. We were able to use mul-
ticopy kinC and a kinC mutant (previously called mskA) to
show that the target of the DNA replication control is not
Spo0A but probably SpoOF or Spo0B (24).

A role for KinC in sporulation? Null mutations in kinC do
not cause any obvious defect in sporulation under standard
laboratory conditions, suggesting that KinC might not normally
be involved in sporulation. However, as discussed above, we
suspect that KinC normally contributes some phosphate to
SpoOF and is partly redundant with KinA and KinB. While
KinA and KinB appear to be responsible for most of the
Spo0A~P that accumulates during the initiation of sporula-
tion, there is some Spo0A~P in even a kind kinB double
mutant (58) and we suspect that this comes from KinC. In
addition, there are many ways for cells to deplete nutrients and
enter the sporulation pathway. It seems possible that the rel-
ative contributions of the individual kinases might vary de-
pending on the specific condition that induces sporulation.

ACKNOWLEDGMENTS

We thank Y. Kobayashi for communicating DNA sequence data
prior to publication (31); P. Stragier for pDG793; W. Haldenwang for
pUS19; K. Ireton for the spoOE deletion-insertion mutation and sev-
eral strains; the Bacillus Genetic Stock Center for pHP13; and J.
Solomon, K. Ireton, P. Stragier, and M. Singer for comments on the
manuscript.

J.R.L. was supported, in part, by an NSF predoctoral fellowship.
A.D.G. was a Lucille P. Markey Scholar in Biomedical Sciences, and
this work was supported in part by grants from the Lucille P. Markey
Charitable Trust and Public Health Services grant GM41934 from the
National Institutes of Health to A.D.G.

REFERENCES

1. Albright, L. M., E. Huala, and F. M. Ausubel. 1989. Prokaryotic signal
transduction mediated by sensor and regulator protein pairs. Annu. Rev.
Genet. 23:311-336.

2. Antoniewski, C., B. Savelli, and P. Stragier. 1990. The spollJ gene, which
regulates early developmental steps in Bacillus subtilis, belongs to a class of
environmentally responsive genes. J. Bacteriol. 172:86-93.

3. Ausubel, F., R. Brent, R. Kingston, D. Moore, J. Seidman, J. Smith, and K.
Struhl (ed.). 1990. Current protocols in molecular biology. John Wiley &
Sons, New York.

4. Baldus, J. M., B. D. Green, P. Youngman, and C. P. Moran, Jr. 1994.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

S

31

J. BACTERIOL.

Phosphorylation of Bacillus subtilis transcription factor Spo0A stimulates
transcription from the spolIG promoter by enhancing binding to weak 0A
boxes. J. Bacteriol. 176:296-306.

. Benson, A. K., and W. G. Haldenwang. 1993. Regulation of ¢® levels and

activity in Bacillus subtilis. J. Bacteriol. 175:2347-2356.

. Bird, T. H., J. K. Grimsley, J. A. Hoch, and G. B. Spiegelman. 1993. Phos-

phorylation of Spo0A activates its stimulation of in vitro transcription from
the Bacillus subtilis spollG operon. Mol. Microbiol. 9:741-749.

. Boylan, S. A,, K. T. Chun, B. A. Edson, and C. W. Price. 1988. Early-blocked

sporulation mutations alter expression of enzymes under carbon control in
Bacillus subtilis. Mol. Gen. Genet. 212:271-280.

. Bron, S. 1990. Plasmids, p. 75-174. In C. R. Hardwood and S. M. Cutting

(ed.), Molecular biological methods for Bacillus. John Wiley and Sons,
Chichester, England.

Burbulys, D., K. A. Trach, and J. A. Hoch. 1991. Initiation of sporulation in
B. subtilis is controlled by a multicomponent phosphorelay. Cell 64:545-552.
Chang, C., S. F. Kwok, A. B. Bleecker, and E. M. Meyerowitz. 1993. Arabi-
dopsis ethylene-response gene ETRI: similarity of product to two-component
regulators. Science 262:539-544.

Chung, J. D., G. Stephanopoulos, K. Ireton, and A. D. Grossman. 1994.
Gene expression in single cells of Bacillus subtilis: evidence that a threshold
mechanism controls the initiation of sporulation. J. Bacteriol. 176:1977—
1984.

Cutting, S. M., and P. B. Vander Horn. 1990. Genetic analysis, p. 27-74. In
C. R. Hardwood and S. M. Cutting (ed.), Molecular biological methods for
Bacillus. John Wiley and Sons, Chichester, England.

Dedonder, R. A., J. A. Lepesant, J. Lepesant-Kejzlarova, A. Billault, M.
Steinmetz, and F. Kunst. 1977. Construction of a kit of reference strains for
rapid genetic mapping in Bacillus subtilis 168. Appl. Environ. Microbiol.
33:989-993.

Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehensive set of
sequence analysis programs for the VAX. Nucleic Acids Res. 12:387-395.
Ferrari, F. A., A. Nguyen, D. Lang, and J. A. Hoch. 1983. Construction and
properties of an integrable plasmid for Bacillus subtilis. J. Bacteriol. 154:
1513-1515.

Grossman, A. D., T. Lewis, N. Levin, and R. De Vivo. 1992. Suppressors of
a spo0A missense mutation and their effects on sporulation in Bacillus sub-
tilis. Biochimie 74:679-688.

Gryczan, T., S. Contente, and D. Dubnau. 1980. Molecular cloning of het-
erologous chromosomal DNA by recombination between a plasmid vector
and a homologous resident plasmid in Bacillus subtilis. Mol. Gen. Genet.
177:459-467.

Haima, P., S. Bron, and G. Venema. 1987. The effect of restriction on
shotgun cloning and plasmid stability in Bacillus subtilis Marburg. Mol. Gen.
Genet. 209:335-342.

Henner, D. J. 1990. Inducible expression of regulatory genes in Bacillus
subtilis. Methods Enzymol. 185:223-228.

Hoch, J. A. 1993. Regulation of the phosphorelay and the initiation of
sporulation in Bacillus subtilis. Annu. Rev. Microbiol. 47:441-465.

Hoch, J. A., K. Trach, F. Kawamura, and H. Saito. 1985. Identification of the
transcriptional suppressor sof-1 as an alteration in the SpoOA protein. J.
Bacteriol. 161:552-555.

Ireton, K., and A. D. Grossman. 1992. Coupling between gene expression
and DNA synthesis early during development in Bacillus subtilis. Proc. Natl.
Acad. Sci. USA 89:8808-8812.

Ireton, K., and A. D. Grossman. 1992. Interactions among mutations that
cause altered timing of gene expression during sporulation in Bacillus sub-
tilis. J. Bacteriol. 174:3185-3195.

Ireton, K., and A. D. Grossman. 1994. A developmental checkpoint couples
the initiation of sporulation to DNA replication in Bacillus subtilis. EMBO J.
13:1566-1573.

Ireton, K., N. W. Gunther IV, and A. D. Grossman. 1994. spo0J is required
for normal chromosome segregation as well as the initiation of sporulation in
Bacillus subtilis. J. Bacteriol. 176:5320-5329.

Ireton, K., D. Z. Rudner, K. J. Siranosian, and A. D. Grossman. 1993.
Integration of multiple developmental signals in Bacillus subtilis through the
Spo0A transcription factor. Genes Dev. 7:283-294.

Itaya, M., K. Kondo, and T. Tanaka. 1989. A neomycin resistance cassette
selectable in a single-copy state in B. subtilis. Nucleic Acids Res. 17:4410.
Jaacks, K. J., J. Healy, R. Losick, and A. D. Grossman. 1989. Identification
and characterization of genes controlled by the sporulation regulatory gene
spoOH in Bacillus subtilis. J. Bacteriol. 171:4121-4129.

Kawamura, F., and H. Saito. 1983. Isolation and mapping of a new suppres-
sor mutation of an early sporulation gene spoOF mutation in Bacillus subtilis.
Mol. Gen. Genet. 192:330-334.

Kenney, T. J., and C. P. Moran, Jr. 1987. Organization and regulation of an
operon that encodes a sporulation-essential sigma factor in Bacillus subtilis.
J. Bacteriol. 169:3329-3339.

Kobayashi, K., K. Shoji, T. Shimizu, K. Nakano, T. Sato, and Y. Kobayashi.
1995. Analysis of a suppressor mutation ssb (kinC) of surOB20 (spo0A)
mutation in Bacillus subtilis reveals that kinC encodes a histidine protein
kinase. J. Bacteriol. 177:176-182.



Vou. 177, 1995

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Leighton, T. J., and R. H. Doi. 1971. The stability of messenger ribonucleic
acid during sporulation in Bacillus subtilis. J. Biol. Chem. 252:268-272.
Mag; R., J. Sol and A. D. Grossman. 1994. Biochemical and
genetic characterization of a competence pheromone from B. subtilis. Cell
77:207-216.

Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Ohlsen, K. L., J. K. Grimsley, and J. A. Hoch. 1994. Deactivation of the
sporulation transcription factor SpoOA by the SpoOE protein phosphatase.
Proc. Natl. Acad. Sci. USA 91:1756-1760.

Ota, I. M., and A. Varshavsky. 1993. A yeast protein similar to bacterial
two-component regulators. Science 262:566-569.

Parkinson, J. S., and E. C. Kofoid. 1992. Communication modules in bac-
terial signaling proteins. Annu. Rev. Genet. 26:71-112.

Perego, M., S. P. Cole, D. Burbulys, K. Trach, and J. A. Hoch. 1989. Char-
acterization of the gene for a protein kinase which phosphorylates the sporu-
lation-regulatory proteins Spo0OA and SpoOF of Bacillus subtilis. J. Bacteriol.
171:6187-6196.

Perego, M., C. F. Higgins, S. R. Pearce, M. P. Gallagher, and J. A. Hoch.
1991. The oligopeptide transport system of Bacillus subtilis plays a role in the
initiation of sporulation. Mol. Microbiol. 5:173-185.

Perego, M., and J. A. Hoch. 1987. Isolation and sequence of the spo0E gene:
its role in initiation of sporulation in Bacillus subtilis. Mol. Microbiol. 1:125-
132.

Perego, M., and J. A. Hoch. 1991. Negative regulation of Bacillus subtilis
sporulation by the spoOE gene product. J. Bacteriol. 173:2514-2520.
Perego, M., G. B. Spiegelman, and J. A. Hoch. 1988. Structure of the gene for
the transition state regulator, abrB: regulator synthesis is controlled by the
spo0A sporulation gene in Bacillus subtilis. Mol. Microbiol. 2:689-699.
Piggot, P. J., and J. G. Coote. 1976. Genetic aspects of bacterial endospore
formation. Bacteriol. Rev. 40:908-962.

Robertson, J. B., M. Gocht, M. A. Marahiel, and P. Zuber. 1989. AbrB, a
regulator of gene expression in Bacillus, interacts with the transcription
initiation regions of a sporulation gene and an antibiotic biosynthesis gene.
Proc. Natl. Acad. Sci. USA 86:8457-8461.

Rudner, D. Z., J. R. LeDeaux, K. Ireton, and A. D. Grossman. 1991. The
spoOK locus of Bacillus subtilis is homologous to the oligopeptide permease
locus and is required for sporulation and competence. J. Bacteriol. 173:1388—
1398.

Sadaie, Y., and T. Kada. 1983. Formation of competent Bacillus subtilis cells.
J. Bacteriol. 153:813-821.

Sandman, K., R. Losick, and P. Youngman. 1987. Genetic analysis of Bacil-
lus subtilis spo mutations generated by Tn9/7-mediated insertional mutagen-
esis. Genetics 117:603-617.

Satola, S., P. A. Kirchman, and C. P. Moran, Jr. 1991. Spo0A binds to a
promoter used by sigma-A RNA polymerase during sporulation in Bacillus
subtilis. Proc. Natl. Acad. Sci. USA 88:4533-4537.

Satola, S. W., J. M. Baldus, and C. P. Moran, Jr. 1992. Binding of Spo0A

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

kinC OF B. SUBTILIS 175

stimulates spollG promoter activity in Bacillus subtilis. J. Bacteriol. 174:
1448-1453.

Schaeffer, P., J. Millet, and J. Aubert. 1965. Catabolite repression of bacte-
rial sporulation. Proc. Natl. Acad. Sci. USA 54:704-711.

Sharrock, R. A., S. Rubenstein, M. Chan, and T. Leighton. 1984. Intergenic
suppression of spo0 phenotypes by the Bacillus subtilis mutation rvtA. Mol.
Gen. Genet. 194:260-264.

Shoji, K., S. Hiratsuka, F. Kawamura, and Y. Kobayashi. 1988. New sup-
pressor mutation surOB of spo0OB and spoOF mutations in Bacillus subtilis. J.
Gen. Microbiol. 134:3249-3257.

Spiegelman, G., B. Van Hoy, M. Perego, J. Day, K. Trach, and J. A. Hoch.
1990. Structural alterations in the Bacillus subtilis SpoOA regulatory protein
which suppress mutations at several spo0 loci. J. Bacteriol. 172:5011-5019.
Spizizen, J. 1958. Transformation of biochemically deficient strains of Ba-
cillus subtilis by deoxyribonucleate. Proc. Natl. Acad. Sci. USA 44:1072-1078.
Strauch, M. A., G. B. Spiegelman, M. Perego, W. C. Johnson, D. Burbulys,
and J. A. Hoch. 1989. The transition state transcription regulator abrB of
Bacillus subtilis is a DNA binding protein. EMBO J. 8:1615-1621.

Strauch, M. A., V. Webb, G. Spiegelman, and J. A. Hoch. 1990. The Spo0OA
protein of Bacillus subtilis is a repressor of the abrB gene. Proc. Natl. Acad.
Sci. USA 87:1801-1805.

Trach, K., D. Burbulys, M. Strauch, J.-J. Wu, N. Dhillon, R. Jonas, C.
Hanstein, C. Kallio, M. Perego, T. Bird, G. Spiegelman, C. Fogher, and J. A.
Hoch. 1991. Control of the initiation of sporulation in Bacillus subtilis by a
phosphorelay. Res. Microbiol. 142:815-823.

Trach, K. A., and J. A. Hoch. 1993. Multisensory activation of the phos-
phorelay initiating sporulation in Bacillus subtilis: identification and se-
quence of the protein kinase of the alternate pathway. Mol. Microbiol.
8:69-79.

Weir, J., M. Predich, E. Dubnau, G. Nair, and I. Smith. 1991. Regulation of
spoOH, a gene coding for the Bacillus subtilis sH factor. J. Bacteriol. 173:
521-529.

Wu, J.-J., M. G. Howard, and P. J. Piggot. 1989. Regulation of transcription
of the Bacillus subtilis spollA locus. J. Bacteriol. 171:692-698.

Yansura, D. G., and D. J. Henner. 1984. Use of the Escherichia coli lac
repressor and operator to control gene expression in Bacillus subtilis. Proc.
Natl. Acad. Sci. USA 81:439-443.

York, K., T. J. Kenney, S. Satola, C. P. Moran, Jr., H. Poth, and P. Young-
man. 1992. Spo0A controls the o*-dependent activation of Bacillus subtilis
sporulation-specific transcription unit spollE. J. Bacteriol. 174:2648-2658.
Youngman, P., H. Poth, B. Green, K. York, G. Olmedo, and K. Smith. 1989.
Methods for genetic manipulation, cloning, and functional analysis of sporu-
lation genes in Bacillus subtilis, p. 65-87. In 1. Smith, R. A. Slepecky, and P.
Setlow (ed.), Regulation of procaryotic development. American Society for
Microbiology, Washington, D.C.

Zuber, P., and R. Losick. 1987. Role of AbrB in Spo0OA- and Spo0OB-depen-
dent utilization of a sporulation promoter in Bacillus subtilis. J. Bacteriol.
169:2223-2230.



