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The complete nucleotide sequences of the comA and comB loci of Bacillus subtilis were determined. The
products of these genes are required for the development of competence in B. subtilis and for the expression of
late-expressing competence genes. The major 5’ termini of both the comA and comB transcripts were
determined. The inferred promoters of both comA and comB contained sequences that were similar to those
found at the —10 and — 35 regions of promoters that are used by o*-RNA polymerase, the primary form of this
enzyme in vegetative cells. The comB gene was located approximately 3 kilobase pairs upstream of the comA
gene and encoded a 409-amino-acid protein with a predicted molecular weight of 46,693. The comA locus
contained two open reading frames (ORFs) and comB contained one ORF. The predicted amino acid sequence
of the comA ORF1 gene product consisted of 214 amino acids, with an aggregate molecular weight of 24,132.
The ORF1 product was required for competence, while ORF2, which was cotranscribed with ORF1 and
encoded a predicted protein of 126 amino acids, was not. The predicted protein sequence of the comA ORF1
gene product was found to be similar to that of several members of the effector class of procaryotic signal
transducers. The C-terminal portion of the predicted comA sequence contained a possible helix-turn-helix
motif, which is characteristic of DNA-binding proteins. comA ORF1 was cloned on a multicopy plasmid and
was shown to complement the competence-deficient phenotype caused by the comA 124 insertion of Tn917lac.
Also, the presence of comA ORF1 in multiple copies interfered with sporulation. Anti-peptide antibodies raised
to the predicted product of comA ORF1 reacted strongly with a single protein band of about 24,000 daltons in
immunoblots. The possible roles of muiltiple signal transduction systems in triggering the development of

competence are discussed.

The use of Tn917lac (61, 63, 64) has allowed the identifi-
cation and isolation of several genes in Bacillus subtilis that
are required for the development of genetic competence. Of
these, comA and comB have been shown to be expressed
throughout growth and to be expressed to the same extent in
all media tested (1, 19). Another class of competence genes
is expressed at a sharply increased rate during the transition
to the stationary phase and only in growth medium that leads
to the development of competence. These two groups of
genes are referred to as early and late, respectively.

comA and comB have been isolated by molecular cloning,
and physical as well as low-resolution transcription maps
have been obtained (18). The two genes are located about 3
kilobase pairs (kbp) from one another on the B. subtilis
chromosome and are transcribed in the same direction, but
from independent promoters. The products of comA and
comB are required for the expression of the late com genes,
suggesting that they play regulatory roles during the devel-
opment of competence.

In this report we present the complete DNA nucleotide
sequences of comA and comB and identify their probable
promoter sequences. The similarity of the comA product to
other bacterial regulatory proteins involved in signal trans-
duction is noted, and the possible roles of the two genes in
the development of competence are discussed.
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t Present address: Institut de Microbiologie, Université Paris-
Sud, 91405 Orsay, Cedex, France.
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MATERIALS AND METHODS

Materials. Restriction endonucleases were obtained from
several sources (Boehringer Mannheim Biochemicals, Indi-
anapolis, Ind.; New England BioLabs, Inc., Beverly, Mass.;
and Bethesda Research Laboratories, Gaithersburg, Md.)
and were used as specified by the manufacturers. The
Cyclone Biosystem (International Biotechnologies Inc., New
Haven, Conn.) was used to make overlapping deletions.

Strains and plasmids. All B. subtilis strains were isogenic
with BD630 (leu metBS hisH?2). Escherichia coli JM109 was
used as a host for recombinant M13 molecules. E. coli
HB101 was used as a host for all in vitro-generated recom-
binant plasmids by use of the pBR322 vector. The plasmids
used in this study are listed in Table 1. pBD438 is a plasmid
that replicates from the temperature-sensitive ori of pE194
cop-6 and that confers erythromycin resistance (Em") and
kanamycin resistance (Km"). Plasmid pBD439 was con-
structed by cloning the 2-kb Bg/II-SstI fragment from pED4
(18) into the Bcll-Sstl sites in the ermC determinant of
pBD385 (the Bglll site was derived from the Tn917lac
transposon). A chloramphenicol resistance (Cm") cassette
was isolated on a 1.3-kb Sau3A fragment from pED1 and
inserted into one of the two Bcll sites of pBD439 in order to
inactivate the comA open reading frame 2 (ORF2) (see
below), creating pBD443. The location of the Cm" cassette in
the proper Bcll site was confirmed by restriction site map-
ping. The 1.4-kb HindIII fragment containing comA ORF1
was inserted into the HindIll site of pBD347 to create
pBD440.
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TABLE 1. Plasmids used in this study

Plasmid Characters Comments Source or
reference

pBD347 Cm" pIM13 replicon 30

pBD438 Em" Km" pE194cop-6 replicon

pBD439 Km" Bgll1-Sst] fragment from This work
pED4

pBD440 Cm"comA  pIM13 replicon This work

ORF1

pBD443 Cm" Km" Chloramphenicol determi- This work
nant inserted in comA
ORF2

pED3 Cm" Amp"  comB, pBR322 replicon 18

pED4 Cm" Amp” comA ORF1 and ORF2, 18

pBR322 replicon

Measurement of sporulation. Strains to be tested for sporu-
lation were grown for 24 h in nutrient sporulation medium
(46) at 37°C and plated for viable counts before and after
incubation of the viable count dilution tubes at 80°C for 20
min.

Isolation of plasmid DNA. B. subtilis strains were screened
for plasmid by the rapid plasmid isolation procedure de-
scribed by Contente and Dubnau (8). Large-scale prepara-
tion of B. subtilis plasmid DNA was done by sodium dodecyl
sulfate-NaCl treatment of plasmid-bearing strains as de-
scribed by Guerry et al. (17), followed by CsCl-ethidium
bromide purification. E. coli strains were screened for plas-
mid by the alkaline lysis protocol (3). Large-scale prepara-
tion of E. coli plasmid DNA was done by the alkaline lysis
method followed by purification in CsCl-ethidium bromide
gradients, as described by Maniatis et al. (29).

Transduction and transformation. Preparation of phage
PBS1 transducing lysates and transduction of B. subtilis
strains were carried out as described previously (12). B.
subtilis strains were made competent and transformed as
described previously (19) by using the one-step competence
regimen. Competent E. coli cells were prepared as described
by Maniatis et al. (29).

S1 nuclease protection mapping. RNA was prepared from
the wild-type com™ strain (BD630), which was grown in
competence medium. Cells were harvested 1 h before time
zero (the transition from the exponential to the stationary
growth phase). RNA was extracted as described by Ulma-
nen et al. (57). S1 nuclease mapping was carried out as
described previously (2, 14, 18).

Primer extension mapping. Two primers were used; the
first (5'-CCGTTTCCAAAATTGTCTTG-3’) was comple-
mentary to a region of comA mRNA 74 bases from the
presumed start site of transcription (inferred from S1 nucle-
ase analysis). The second primer (5'-GCGCTATACACGTT
CTCTTC-3’) was complementary to a region of the comB
mRNA 113 bases from the presumed start site of transcrip-
tion. Both primers were 5'-end-labeled with polynucleotide
kinase as described previously (29). A total of 5 ng of labeled
primer was mixed with 50 pg of total RNA (prepared as
described above) from wild-type strain BD630. The RNA
was dissolved in 16 pl of buffer containing 50 mM Tris (pH
8.0), 30 mM KCl, 8 mM MgCl,, 1 mM dithiothreitol, and 1 pl
of RNasin (Promega Biotech). The mixtures were heated at
80°C for 10 min and slowly cooled to 42°C. A total of 4 pl of
a mixture of four deoxynucleotide triphosphates (each at 10
mM) and 1 pl of avian myeloblastosis virus reverse tran-
scriptase (Life Sciences, Inc., St. Petersburg, Fla.) were
added to the annealed samples, which were then incubated
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at 42°C for 30 min. Analysis of the extended products was
carried out by electrophoresis by using 6% polyacrylamide-
urea gels.

DNA sequencing. Sequencing of DNA was by the dideoxy-
nucleotide chain-termination method (45) with [a->2S]dATP
(specific activity, 500 Ci/mmol; Dupont, NEN Research
Products, Boston, Mass.). Sequencing reactions were per-
formed with modified T7 DNA polymerase kits (Sequenase;
U.S. Biochemical Corp.). The DNA was entirely sequenced
on both strands by the strategy of Dale et al. (9) to generate
a nested series of overlapping clones with deletions. The
start points of the deletions obtained were separated, on
average, by about 200 bases, permitting the unambiguous
ordering of DNA sequences because of substantial overlap-
ping. Sequencing reactions were performed with M13 tem-
plates with the M13 universal primer. In some cases in which
overlapping clones were not available, 17-mer primers were
made (Operon Technologies) based on known sequences.

The sequences of comA and comB were submitted to the
Genetic Sequence Data Bank (GenBank) and were assigned
the respective accession numbers M22856 and M22855.

Computer analyses of DNA sequences. The deduced amino
acid sequences were analyzed by the TFASTA, FASTP, and
RDF programs (26, 40) to determine their similarities to
other proteins in a translated version of the GenBank.

Immunological procedures. A custom synthetic peptide
(CQKTKPAPSSQKEQD) coupled to keyhole limpet hemo-
cyanin was purchased from Biosearch Corp. and was used to
raise antibodies in New Zealand White rabbits. The peptide
sequence was selected as a particularly hydrophilic segment,
based on analysis by the method of Engelman et al. (13). For
Western blot (immunoblot) analysis, B. subtilis cells were
grown in competence medium, harvested late in the expo-
nential phase, and lysed by incubation at 37°C in 10 mM Tris
hydrochloride (pH 7.5)-1 pg of DNase per ml-2 mM phen-
ylmethylsulfonyl fluoride-1 mg of lysozyme per ml. The cells
were then boiled in 10% sodium dodecyl sulfate. Solubilized
proteins were resolved by electrophoresis through sodium
dodecyl sulfate-15% polyacrylamide gels and transferred to
nitrocellulose as described by Towbin et al. (54). Immuno-
detection was done as described by Blake et al. (4) by using
alkaline phosphatase-conjugated goat anti-rabbit immuno-
globulin G (Calbiochem-Behring, La Jolla, Calif.).

RESULTS

Nucleotide sequences of comA and comB. We have isolated
plasmid clones carrying comA(pED4) and comB(pED3) and
have established physical maps of these determinants (18).
Based on these data, restriction fragments containing comA
and comB sequences were cloned into M13mpl9cat,
M13mp19, or M13mpl8; and a sequential series of overlap-
ping deletant bacteriophages was isolated by the procedure
of Dale et al. (9). By using these derivatives, the nucleotide
sequences of comA (Fig. 1) and comB (Fig. 2) were deter-
mined completely on both strands and across all the restric-
tion sites used for cloning. To identify the precise points of
insertion of the Tn917lac transposons that were used to
isolate the original comA124 and comBI138 mutations, re-
striction fragments were isolated from plasmids carrying the
chromosomal DNA-transposon junctions (18) and cloned
into M13mp18 or M13mp19, and the nucleotide sequences
were determined. These junction points are indicated in Fig.
1 and 2. The Tn9!7lac insertion into comB occurred very
near the transcriptional start site (see below) and adjacent to
a sequence that was identical to that at the end of the
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TTTAAGGCTGATATTGAAATCGAATTGTAATGGATTTATAACGGAAACGACTTGGCACAGGCCAAGTCTTT

100
|

TTTATAAAATGGAAAAGAGTGAGTAAAAGGGAGGAAAAC

Asp Asp
GAT GAC

Asn Leu
AAT TTG

His Asp
CAT GAT

Val Asn
GTC AAT

Ile Ile
ATT ATC

Ala Gly
GCG GGT

|
Tyr Ile
TAC ATA

PvuIl

|

Gln Leu
CAG CTG

Asp Val
GAT GTG

|
Thr Asn

%* %
+1

His Pro
CAT CCG

Ser Val
TCT GTT

Phe Ser
TTC TCG

300

I

Gly Met
GGG ATG
Accl

Val Tyr
GTG TAT

Leu His
CTG CAC

Tyr His
TAC CAC

Met Thr
ATG ACT

Leu Thr
CTC ACA

Gln Glu

Ala
GCT

vVal
GTC

200

I
Asp
GAT

Ser
TCA

Glu
GAG

Thr
ACC

Gly
GGT

val
GTA

Gln
CAG

Pro
CCT

|
Ile

ACA AAC CAA GAA ATC

Cys
TGT

Tyr
TAT

Leu
CTT

Gly
GGT

Ala
GCC

Leu
CTC

Gln
CAA

Arg
AGA

Asp
GAT

Ser
TCT

Tyr
TAT

Ile
ATC

Asn
AAC

Glu
GAA

Glu Gly
GAA GGC

Ser Pro
AGT CCT

Leu Ile
CTC ATT

Lys Gln
AAA CAG

Glu Vval
GAG GTC

Ser Lys
AGC AAA

Gly Glu
GGA GAA

Thr Lys
ACA AAG

Cys Leu
TGC CTG

[

Thr
ACC

Glu
GAA

Leu
TTA

Ile
ATT

Glu
GAG

Thr
ACG

Ile
ATT

Pro
CCG

Ile
ATT

Ala Asp Ala Leu His
GCA GAT GCC CTT CAT

Met Lys Lys Ile Leu Val Ile
ATG AAA AAG ATA CTA GTG ATT
ORF1

Lys
AAG

Pro
CCG

Met
ATG

Leu
TTA

Asp
GAT

Glu
GAA

Leu
TTA

Ala
GCT

Leu
CTT

|
Leu
TTA

Thr
ACA

Ser
AGC

Asp
GAT

Gln
CAA

Tyr
TAT

Ser
TCT

Val
GTC

Pro
CCT

Gln
CAA

Ser
AGC

Ile
ATT

Glu
GAA

Leu
CTG

Glu
GAG

Phe
TTC

Asp
GAT

Ser
TCC

600

Glu
GAA

Leu
TTG

Gln
CAG

Asn
AAT

Asn
AAT

Glu
GAG

Glu
GAA

Phe
TTT

Ser
TCT

Val
GTT

Glu Thr
GAA ACG

Phe Ile
TTT ATC

Leu Gly
CTA GGC

Pro His
CCT CAT

Glu Ala
GAA GCG

Lys Ile
AAG ATC

500

|
Ala Tyr
GCT TAC

Gln Lys
CAA AAA

|
Glu Lys
GAA AAG

Asp
GAT

Lys
AAG

Gly
GGC

Cys
TGT

Ile
ATT

Thr
ACC

Phe
TTT

Glu
GAA

Gly
GGA

Ser
TCG

Gln
CAG

Glu
GAG

Lys

400

Arg
CGT

Gln
CAA

Lys

Gln
CAA

Phe
TTT

Lys Arg Ser Ile Glu Tyr
AAG CGG TCC ATT GAA TAC

FIG. 1. Nucleotide sequence of comA. The complete nucleotide sequence of comA is shown together with the predicted amino acid
sequences of two protein products (ORF1 and ORF2). Putative —10 and —35 promoter sequences and Shine-Dalgarno (S.D.) sequences (50)
are indicated by underlining. The transcriptional start site inferred from S1 nuclease mapping (asterisks) and the site of the Tn9/7lac insertion
(arrowhead at position 694) are also marked. Converging arrows indicate dyad symmetry.
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Clarl 700

- | | | |
Ser Leu Thr Ser Ile Phe Asn Ly s Leu Asn Val Gly Ser Arg Thr Glu Ala Val
AGC TTG ACA TCG ATT TTC AAT AA G CTG AAT GTC GGT TCA CGG ACG GAA GCG GTT

A

Leu Ile Ala Lys Ser Asp Gly Val Leu | | Met Asp Met
TTG ATT GCG AAA TCA GAC GGT GTA CTT TAA ATGTTGGGGGGTGTAGAG ATG GAT ATG
------ ORF2
S.D.
800

| | | | |
Lys His Thr Leu Leu Glu Ala Leu Gly Ile Glu Ile Val Glu Asn Thr Ala Glu
AAG CAC ACA TTG CTT GAA GCG CTT GGT ATT GAG ATT GTT GAA AAC ACA GCG GAA

Arg Cys Val Ala Val Met Pro Val Asp His Arg Thr Val Gln Pro Phe Gly Tyr
CGA TGC GTT GCG GTC ATG CCG GTG GAT CAT CGG ACG GTA CAG CCG TTC GGA TAT

900

| | | | |
Leu His Gly Gly Ala Ser Val Ala Leu Ala Glu Thr Ala Ala Arg Pro Gly Ala
TTG CAT GGA GGC GCT TCA GTG GCC CTG GCG GAA ACC GCG GCG AGG CCA GGT GCA

BclI HindIII
| | | | i
Gln Asn Leu Ile Asp His Thr Thr Gln Ala Cys Val Gly Leu Glu Ile Asn Ala
CAG AAC CTG ATT GAT CAT ACA ACG CAA GCT TGT GTT GGT TTG GAG ATT AAC GCC

1000 i

| | | | ! |
Asn His Leu Lys Ser Val Lys Glu Gly Thr Val Lys Ala Ile Ala Glu Pro Val
AAC CAT TTA AAA TCT GTA AAG GAA GGA ACG GTA AAG GCG ATA GCC GAG CCC GTT

1100

His Ile Gly Arg Thr Thr Ile Val Tyr His Ile His Ile Tyr Asp Glu Gln Glu
CAT ATA GGC AGA ACG ACG ATT GTC TAT CAT ATT CAC ATA TAT GAC GAG CAA GAG

| | | | |
Arg Leu Ile Cys Ile Ser Arg Cys Thr Leu Ala Val Ile Lys Lys |
AGG CTG ATC TGT ATA TCC AGA TGC ACG CTG GCT GTC ATC AAG AAA TAA AAAAACA

1200

o L | | | |
GCCGGAACTCTGCCTGTCCGGCTGCTTATTTTTATAAATAAGAATCCTCTTTTCGTTTAATCACAAAGTTT
----- > Term <—-—--=--

HindIII 1300
! i | | ! | I
CTGATTCCGTTATAGTCATCTTGCACACTTCTCTCATCAAGCTTGACGCCGGAGTTATACGCAGCACGGCA

SstI
| | | | v | | |
GATCAAGTGCCCGCCCGATAGGCGACGTAATAAAGATAAAGAGAATCCCAAGCAGGATTTTAGCGGAGAGC

FIG. 1—Continued



BamHI
1

| | | | | | | |
GGATCCACGAAGTAAAAGCAGAATTGAAGAAGAGCTTGAGGAAGAATAAAGAAAAACTGGCCTTTCATTCG

100

| I | I I | |
CGAAGGGCCAGTTTTCTTTATGTATATATTATTTTTCATGTTTAGACAATTTTCGTCAAATTATTTGATAT

200

| |
| | | | Met Arg Val Phe Val Ala
ACTTAGGGGT GAAAGCCGCGCGTATTGTAAGGGGGATAAATCA ATG AGG GTG TTT GTT GCA

- A eee————

-10 +1 S.D.

! | | | |
Arg Gln Pro Ile Phe Asn Arg Lys Glu Gln Val Val Ala Tyr Glu Leu Leu Tyr
AGA CAG CCT ATT TTT AAT AGA AAA GAA CAG GTT GTT GCT TAT GAA CTG CTG TAT

300

Arg Glu Ser Glu Glu Asn Val Tyr Ser Ala Lys Asp Gly Asp Gln Ala Thr Thr
AGA GAA AGC GAA GAG AAC GTG TAT AGC GCT AAA GAC GGC GAT CAG GCA ACA ACA

| | | | !
Asp Leu Val Ile Asn Ser Phe Leu Asn Ile Gly Ile Glu Lys Leu Thr Glu Gly
GAT TTG GTG ATC AAC AGC TTT TTA AAC ATC GGA ATT GAG AAG CTG ACG GAA GGG

400 Asull

| | | | |
Lys Arg Cys Phe Val Asn Phe Thr Glu Ser Leu Met Phe Ser Asn Leu Pro Thr
AAA CGC TGT TTT GTT AAT TTT ACG GAA AGC CTG ATG TTT TCG AAT CTT CCC ACC

Ser Phe Asn Pro Lys Gln Leu Val Ile Glu Ile Leu Glu Asp Ile Pro Ile Thr
TCC TTC AAT CCG AAA CAG CTT GTC ATT GAA ATC CTT GAA GAT ATA CCG ATC ACG

Xbal 500

Pro Ala Leu Ile Ser Arg Cys Lys Glu Leu Lys Lys Met Gly Tyr Met Leu Ala
CCG GCC CTC ATT TCT AGA TGC AAA GAA TTG AAA AAA ATG GGG TAT ATG CTG GCG

| I | | I |
Leu Asp Asp Phe Tyr Ala Ile Asn Pro Gln Asp Glu Asp Leu Leu Glu Lys Leu
CTT GAT GAT TTT TAT GCA ATA AAT CCG CAA GAT GAG GAC TTA CTG GAA AAA CTC

600
| | | | |
Met Ser Tyr Ile Asp Ile Leu Lys Ile Asp Phe Leu Lys Thr Thr Arg Met Glu
ATG AGC TAT ATT GAT ATA TTG AAA ATT GAT TTT CTC AAA ACA ACA CGA ATG GAA

| | | | |
Arg Arg Thr Ile Leu Gln Thr Tyr Gly Cys Arg Gly Leu Ile Phe Leu Ala Glu
CGC AGA ACA ATT TTG CAA ACC TAC GGC TGC CGC GGC CTG ATT TTT TTA GCG GAA
FIG. 2. Nucleotide sequence of comB. The complete nucleotide sequence of comB is shown together with the predicted amino acid
sequence of the comB product. Putative —10 and —35 promoter sequences and Shine-Dalgarno (S.D.) sequences (50) are indicated by

pnder!ining. The transcriptippal start site inferred from S1 nuclease and reverse transcriptase mapping (asterisk) and the site of Tn9I7lac
insertion (arrowhead at position 153) are also marked. Converging arrows indicate dyad symmetry.
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700

Lys Val Glu Thr Arg Lys Glu Tyr Lys Gln Ala Val Gln Asp Gly Phe Gln Leu
AAA GTA GAG ACC CGA AAA GAA TAT AAA CAG GCG GTC CAA GAC GGC TTT CAA TTA

Phe Gln Gly Tyr Phe Phe Ser Glu Pro Arg Ile Ile Ser Gly His Asp Leu Ser
TTC CAA GGC TAC TTT TTC AGC GAG CCG CGC ATC ATC AGC GGG CAT GAC CTA TCG

800

I | | | | I
Thr His Phe Tyr Ser Tyr Tyr Glu Leu Leu Asn Glu Leu Ser Lys Glu Gln Pro
ACT CAT TTC TAT TCT TAC TAT GAA CTG CTT AAC GAA CTG AGT AAA GAG CAG CCT

%00

Asn Ile Lys Arg Val Thr Glu Tyr Ile Glu Arg Asp Leu Ser Leu Ser Tyr Gln
AAC ATA AAG CGT GTG ACA GAG TAC ATA GAG CGG GAT TTA TCA CTG TCC TAT CAA

Ile Leu Lys Phe Leu Asn Ser Ser His Ser Arg Leu Ser Gln Lys Ile Glu Ser
ATT TTA AAA TTT TTA AAC TCA TCC CAC AGC CGT TTG AGC CAG AAA ATT GAA AGC

1000

Ile Gln Gln Ala Ile Met Leu Leu Gly Phe Asn Glu Ile Lys Arg Trp Ile Tyr
ATT CAA CAG GCC ATT ATG CTG CTG GGA TTT AAT GAA ATC AAA CGG TGG ATA TAT

| | | | |
Ile Leu Ser Phe Lys Asp Leu Ser Arg Lys Gly His Ser Ser Lys His Glu Ile
ATT CTT TCC TTT AAG GAT TTA AGC AGG AAA GGG CAT TCC AGC AAG CAC GAA ATC

HindIII 1100
I I | I | [
Ile Lys Ile Ser Leu Ile Arg Ala Lys Leu Cys Glu Leu Leu Ala Arg Lys Thr
ATT AAG ATT TCT CTG ATA AGA GCA AAG CTT TGC GAA CTG CTG GCG AGA AAG ACA

| | | | |
Ser Arg Pro Gln Pro Ala Ser Tyr Met Leu Ile Gly Met Phe Ser Leu Ile Asp
TCC CGG CCG CAG CCT GCT TCT TAT ATG CTG ATC GGA ATG TTT TCT CTC ATA GAC

1200
I | | I |
Thr Leu Leu His Arg Glu Ile Glu Glu Ile Val Gln Glu Leu Pro Leu Lys Asp
ACC CTC CTG CAT AGA GAA ATA GAG GAA ATT GTT CAA GAA TTG CCT TTA AAA GAT

| | I | | |
Glu Val Gly Gln Ala Leu Leu Gly His Gln Asn Asp Tyr Tyr Gln Met Leu Glu
GAA GTC GGG CAA GCA TTA TTA GGC CAT CAA AAC GAC TAC TAC CAA ATG CTT GAG

1300
| | | | |
Leu Val Lys Leu Ile Glu Ser Asn Asn Trp Asp Thr Cys Ser Glu Leu Gly Asn
CTT GTG AAA TTA ATT GAA AGC AAC AAC TGG GAC ACT TGC TCA GAA TTA GGC AAT

FIG. 2—Continued
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| I | | I I
Gln Leu Asp Lys Glu Glu Ala Tyr Glu Cys Tyr Leu Glu Ala Leu Glu Trp Cys
CAA CTG GAC AAA GAA GAA GCG TAT GAA TGT TAT TTA GAG GCT CTG GAA TGG TGT

1400
| |
His Asn Leu Met Asp Ala Lys | | | |
CAT AAT CTT ATG GAC GCA AAA TGA TTGCGGTCCTCTGACCACCGCAAAGCAAGAATCATTCGG

1500

I | | | | | |
CTTTGCGTTCCGATAAGGCTGATATAGATGCCGTCGGGATTAAAGACCGTATCCACTTCATGCCGGACGCC

| | | | I | |
CATTTGTTTGATCAGGCGCCTTATAGTTTGTTTATCAGACTGTTCGGCTGCGGTCAGAATGCGGCGCGAAA

1600

! ! I | | | |
GCTCCCGCGAGCCCGCAATGCGGCTGAGAACGAGCTGGGCATCCGCAAATATCCCTGCGGCCTGCTTCGCT

1700

| | | I | I I
GAACGGATAAAGGTATCAATATTGTTGGCAGGAGCGGGCGGACGGCGTACCTCATACGGATACACGTAAAA

EcCoRV 1800

I | [ | | ! |
CCAGGGATAACGATATCTCATGGGAGCACCTCGCAAAAAAGGATGTTTCTATATGTATAGATCCCTAATTG

I | | | | | I |
CCGAATATGACAAAGCGAAAAGGCCACAACTTTAGCGTTGCGGTCTTTTTCGGTGTTTGTCGGTCAGGAAA

1900

I ! I | I | |
CGCCAAGAATCGCATATTCAATTTTGAAAATACGGTATGAAGGACTATAGTCTTGCTTAGTGAAAATGCGA

2000
| I | | | | |
AACCCGTTAAAATCAAAGGAAGATTAAGAATCTTTCTCAATTTCAGCACATATAAACGCTCTTTTCGCATA

FIG. 2—Continued

transposon itself (GGGGT) (42). A predilection for insertion

assuming that translation began at the first of the two ATG
into homologous sequences has been noted for the related

codons at positions 774 and 780. ORF2 was preceded by a

transposon Tn3 (56).

The comA sequence revealed two ORFs. The first ex-
tended from position 111 to a TAA stop codon at position
753. ORF1 encoded a 214-amino-acid protein with a pre-
dicted molecular weight of 24,132. The ATG start codon was
preceded by a potential ribosome-binding site, AAGGG
AGG (50). The point of insertion of Tn9/7lac was between
positions 794 and 795 in codon 195 of the predicted ORF1
protein. The second ORF of comA encoded a predicted
126-amino-acid protein with a molecular weight of 13,778,

potential ribosome-binding site (GGGGGG) and ended with
a TAA codon. The two ORFs were separated by an inter-
genic region of 18 base pairs (bp). The predicted ORF1
protein exhibited amino acid sequence similarity to a group
of procaryotic regulatory proteins that is involved in signal
transduction. These results are discussed below. Just down-
stream from ORF2 was a hyphenated dyad, followed by a
string of T residues. Low-resolution S1 nuclease mapping
has placed the likely major comA terminator at about 510 bp
beyond the Clal site at position 681 (18). The string of T



VoL. 171, 1989

<257

2699 ’

FIG. 3. S1 nuclease protection mapping of the comA (A) and
comB (B) transcripts. For comA, an 804-bp HindIII-Accl fragment
that was 5'-end-labeled at the Accl site was used as a probe. For
comB, a 409-bp BamHI-Asull fragment that was 5’-end-labeled at
the Asull site was used. The lengths (in base pairs) of the probe and
protected fragments, which were inferred from dideoxynucleotide
sequencing reactions run on the same gels as size standards (data
not shown), are indicated. Lanes 1, Untreated probe; lanes 2, RNA
at 1 h before the transition from the exponential to the stationary
growth phase that was hybridized to probe and treated with S1
nuclease.

residues following this putative terminator began at position
1190, in agreement with the S1 nuclease mapping data.

The comB nucleotide sequence contained a single ORF
that encoded a predicted protein of 409 amino acids (46,693
daltons). The predicted translational start (ATG) was pre-
ceded by an AAGGGGG sequeénce that probably serves for
ribosome recognition. About 450 bases downstream from the
comB termination codon (TGA) was a dyad symmetry
element, followed by a string of 5 T residues. Low-resolution
S1 nuclease mapping placed the transcriptional termination
site of comB at about 1.4 kb downstream from the Xbal site
(position 486). The predicted termination would therefore
occur at position 1886, and the string of T residues would
begin at position 1855, which is in good agreement with the
mapping data.

High-resolution mapping of the 5’ end of comA and comB
transcripts. To determine the probable transcriptional start
site of comA by S1 nuclease protection mapping, an 804-bp
HindIII-Accl probe that was 5'-end-labeled at the Accl site
was hybridized to RNA isolated from the com™ strain grown
in competence medium to minus 1 h before the transition
from the exponential to the stationary growth phase. A
409-bp BamHI-Asull probe that was 5'-end-labeled at the
Asull site was used to map the comB transcript. The
locations of the Accl and Asull sites used for labeling are
shown in Fig. 1 and 2. The protected fragment shown in Fig.
3 suggests that the 5’ terminus of the comA transcript is
located at the tandem A residues located at positions 85 to 86
in the sequence (Fig. 1). The comB results suggest a 5’
terminus at the T or G residues located at positions 152 to
153 (Fig. 2). These results are in excellent agreement with
the results of low-resolution S1 nuclease mapping (18),
which predicted start sites for comA and comB at positions
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FIG. 4. Primer extension analysis of comB transcription. The
signals obtained from primer extension analysis of comB (performed
as described in the text) are shown in the leftmost lane. Also shown
are dideoxynucleotide sequencing reactions carried out with the
same primer and template that were used for the reverse tran-
scriptase reaction. The position of the major 5’ terminus is indicated
with an asterisk on the inferred sequence. The inferred sequence is
the complement of the sequence shown in Fig. 2.

80 and 150, respectively. However, since the size standards
used for these mapping experiments were derived from
dideoxynucleotide sequencing reactions, an uncertainty of
several bases existed as to the precise 5’ termini of these
transcripts, since not all DNA fragments of a given length
migrates identically. We therefore attempted to confirm the
S’ termini inferred from S1 nuclease mapping by primer
extension mapping. This was unsuccessful in the case of
comA, since no signal was obtained, perhaps because of the
low abundance of this mRNA. In the case of comB, how-
ever, a clear signal was obtained and is shown in Fig. 4,
together with dideoxynucleotide sequencing reactions that
were carried out with the same primer and template. The
results suggest that the 5’ terminus is at the G residue that
was inferred from the S1 nuclease mapping experiment
(position 153) (the sequence read from Fig. 4 is the comple-
ment of the sequence in Fig. 2). In addition, a minor 5’
terminus was evident at the tandem G residues located at
positions 59 to 60.

Sequences preceding the major 5’ termini of both tran-
scripts (Fig. 1 and 2) showed good similarity at the —35 and
—10 regions with those promoters recognized by the B.
subtilis a® form of RNA polymerase. There was a 5- of
6-base match at the —35 and the —10 regions of comA and
comB with the consensus sequence (TTGACA and
TATAAT, respectively) (32, 34). The spacing between these
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TABLE 2. Complementation of comA124 by multicopy

comA ORF1
. Leu™* transformation
Chromosome Plasmid (transformants/CFU, normalized)”
com” Vector® 1.0
com™ comAS© 2.5
comAI24 Vector 1.5 x 1072
comAl24 comA 2.0

¢ Cultures were made competent in the presence of chloramphenicol, to
maintain the plasmid, and were transformed with 1 pg of chromosomal DNA
per ml. Transformation frequencies were normalized to the value for the
com* strain carrying the vector. This value was 0.04%, which was about
fivefold lower than usual because of the presence of chloramphenicol in the
growth medium.

» pBD347.

< The comA ORF]1 gene was carried on plasmid pBD440.

sequence elements, however, was 16 bp for comA and 20 bp
for comB, compared with 17 to 19 bp for the consensus
sequence. The minor comB mRNA terminus was not pre-
ceded by a recognizable promoterlike sequence.

Disruption of comA ORF2 in the chromosome. Since comA
ORF1 and ORF2 were cotranscribed and the Tn9/7lac
transposon that created comA 24 was located in ORF1 (Fig.
1), it remained possible that both ORFs 1 and 2 were
required for competence or that only ORF1 or ORF2 was
required for competence and that the effect of the Tn9/7lac
insertion was due to polarity. To determine whether ORF2
was essential for competence, we inactivated it and replaced
ORF2 in the wild type with the inactivated ORF2 construct.
Plasmid DNA (pBD443) containing both ORF1 and ORF2,
with ORF?2 inactivated by insertion of a Cm" cassette, was
linearized and used to transform a com™ strain, replacing the
wild-type ORF2 with the mutant version by a double-
crossover event. The resulting transformants exhibited wild-
type levels of transformation. We conclude that comA
ORF1, but not ORF2, is required for competence.

comA ORF1 cloned in multiple copies complements the
comA124 defect and partially inhibits sporulation. A 1.4-kb
HindIII fragment carrying ORF1, about half of ORF2, and
about 550 bp upstream of the comA transcriptional start site
was cloned into pBD347 to create pBD440. This plasmid
uses the pIM13 replicon and has a likely copy number of 150
to 200 (30). pBD440 was introduced into isogenic com™ and
comA124 strains by transformation. The latter construction
was possible since the comAl24 defect is leaky (19). Both
strains were grown to competence and transformed with
chromosomal DNA. In the experiment for which the results
are shown in Table 2, the comA defect imparted a 100-fold
deficiency in transformation, compared with a usual defi-
ciency of about 400-fold (19). The presence of comA ORF1
in the multicopy plasmid restored transformation to a level
somewhat higher than that in the com™ strain. The ability of
ORF1 to complement the comA124 lesion was consistent
with the results of the inactivation experiment, which
showed that ORF2 is not required for competence.

We noticed that the strain carrying ORF1 on a multicopy
plasmid appeared to exhibit a sporulation-deficient pheno-
type on solid medium. We therefore tested in liquid medium
the frequency of sporulation of strain BD630 (com™) carry-
ing ORF1 on a multicopy plasmid and strain BD630 carrying
the plasmid vector alone. The strain carrying the vector
pBD347 yielded a total of 3.1 x 10® viable CFU, of which 2.8
x 10% (90%) were heat resistant. The strain carrying the
comA multicopy plasmid yielded 3.5 x 10® CFU, of which
1.7 X 107 (4.9%) were heat resistant, confirming the impres-
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FIG. 5. Western blot (immunoblot) analysis of the comA protein.
Extracts of several strains were electrophoresed, blotted, and
reacted with anti-peptide antibody raised against a hydrophilic
peptide from the predicted sequence of the comA product. Lane 1,
Strain carrying comA ORF1 on a multicopy plasmid (pBD440); lane
2, com™ (wild type) strain; lane 3, comA124 strain; lane 4, strain
carrying the plasmid vector pBD347 alone; lane 5, prestained size
markers. The apparent molecular weights of the prestained stan-
dards are indicated, together with the inferred molecular weight of
the signal detected in lane 1.

sion obtained from the inspection of colonies on solid
medium.

Detection of comA protein by immunoblotting. Anti-peptide
antibody was raised against the predicted ORF1 product as
described in the Materials and Methods and was tested
against extracts prepared from the com* strain (BD630), the
comAl24 strain, the strain carrying ORF1 on a multicopy
plasmid (pBD440), and the strain carrying the plasmid vector
(pBD347) alone. All of these strains were isogenic. Figure 5
shows the results of immunoblot analysis. The anti-peptide
antibody to ORF1 reacted strongly with a single protein with
a molecular weight of approximately 24,000, which corre-
sponded to the predicted molecular weight of the ORF1
product. This signal was detected only in the strain that
harbored the multicopy comA plasmid, presumably because
of the low abundance of the protein. The reaction of the
antibody with a protein of the expected size is strong
evidence that the predicted comA protein is present in B.
subtilis.

DISCUSSION

The comA and comB prometers. In this report we pre-
sented the nucleotide sequences of two early competence
genes of B. subtilis that are required for the transcription of
several late-expressing com genes (18). One of these genes
(comA) is also required for the expression of the growth
stage-regulated molecule surfactin (35). Studies of lacZ
fusions to comA and comB have shown that these genes are
transcribed in all media tested and throughout growth (1). It
is thus not surprising that they both appeared to utilize fairly
typical *-type promoter sequences, since the latter form of
RNA polymerase holoenzyme transcribes most vegetatively
expressed promoters. The suboptimal spacing of the —35
and —10 sequences was consistent with the rather low levels
of expression of these genes that have been inferred from
B-galactosidase measurements (1). A degree of uncertainty
exists with regard to the precise location of the comA 5’
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mRNA terminus because of the failure of the primer exten-
sion experiment. However, the uncertainty is probably not
greater than 2 or 3 bases, and no other recognizable pro-
moter sequence was present in the vicinity of the experimen-
tally determined 5’ terminus. An additional general uncer-
tainty was due to the inability of either S1 nuclease or primer
extension analysis to rigorously assign a transcriptional start
site, since posttranscriptional processing may have played a
role. Nevertheless, we provisionally conclude that both
comA and comB are read by the o form of RNA polymer-
ase. comA and comB are transcribed in the same direction
and are located about 3 kb from one another on the B.
subtilis chromosome (18). Nevertheless, they appear to be
transcriptionally independent. As noted previously (18),
low-resolution S1 nuclease mapping of both comA and comB
showed that probe-sized DNA was protected, suggesting
that readthrough from upstream promoters may also be
occurring. Further analysis of transcription should clarify
this.

The comA and comB gene products. The comB transcrip-
tion unit consists of a single ORF. The predicted protein
encoded by comB bears no significant similarity to any
protein in the translated GenBank data base. The comB
protein would be quite hydrophilic and would possess a
preponderance of negative charges in solution, and it would
contain 7 cysteine residues.

The comA locus contains two ORFs, of which only the
first one is required for competence. The reaction of anti-
peptide antibody with a protein of the predicted molecular
weight for the ORF1 product suggests that the protein is
synthesized in vivo and that our nucleotide sequence is
correct. The ORF1 product, like that of comB, is hydrophilic
with a formal preponderance of negatively charged amino
acids. Comparison of the predicted sequence of ORF1 with
the GenBank data base has revealed that this protein is
similar to several members of the effector class of the
procaryotic two-component regulatory system (38, 44, 59).
Figure 6 presents this comparison for a selected group of
effectors. The comA protein was similar to the various
effector-type proteins predominantly in its amino-terminal
region. This is characteristic of the effector proteins as a
class. Particularly noteworthy were the conserved tandem D
residues at positions 8 to 9 (on the comA sequence) and the
conserved D residue at position 55 (and possibly at position
50). Patches of sequence similarity were located surrounding
these residues. These residues are thought to be potential
sites of phosphorylation (58).

A more quantitative comparison was also carried out by
using the RDF program (26) to test the significance of the
matches between the comA protein and each of several other
effectors. The comA protein sequence was first randomized
100 times. Each of the randomized sequences was then
compared with one of the other effector sequences, and a
comparison score was obtained. The average of these scores
(A) and their standard deviation (S) was computed, and a z
value was then obtained, as follows: z = (A — C)/S, where C
is the original comparison score between the comA product
and the effector protein. The values (numbers of standard
deviations) obtained were as follows: degU (21, 25), 23;
ORF?2 of uvrC (31), 23; ntrC (5), 9.1; fixJ (10), 7.4; ORF2 of
agr (41), 7.1; uhpA (16), 6.8; virG (59), 6.3; dye (11), 4.8;
phoP (48), 4.3; ompR (7), 3.5; cheB (52), 2.3; dctD (43), 1.7;
spoOF (55, 62), 0.45; cheY (52), 0.4; spo0A (15, 24), —0.9.

These values, which ranged from not significant to highly
significant, suggest that the comA protein is particularly
related to the products of the B. subtilis gene degU (21, 25,
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53) and to ORF?2 of the E. coli uvrC locus (31, 49). Exami-
nation of the matches between the comA product and these
proteins revealed that the similarities extend over the entire
length of the polypeptides. This was also true of the com-
parison between the comA and fixJ sequences. The particu-
lar closeness of these few proteins is not merely a reflection
of phylogenetic relatedness. For instance, the similarities
between the comA product and those of spo0A and spoOF
are weak, although these are all B. subtilis proteins. The
similarity of the comA protein to the B. subtilis phoB product
was intermediate in strength. The product of uvrC-ORF2
was very similar to that of comA, although the former is an
E. coli protein. These relationships may therefore reflect the
conservative influence of functional constraints. The role of
the uvrC-ORF2 protein is unclear. Although it is cotrans-
cribed with uvrC, inactivation of this ORF does not produce
a recognizable phenotype (31). However, we may reason-
ably suspect that the uvrC-ORF2 polypeptide may play a
role in transducing environmental information to the DNA
repair system, perhaps under particular conditions or at a
particular stage of growth. There is a relationship between
DNA repair and competence in B. subtilis. A set of genes
that is induced when DNA is damaged is also induced in the
competent state (27). It is not yet known whether the comA
product is required for induction of this set of genes, but we
suspect that comA and uvrC-ORF2 may play analogous
roles. The degU gene product is not only involved in
regulating the synthesis of several B. subtilis extracellular
enzymes during the transition to stationary phase (23) but is
also required for the development of competence (53).
Perhaps, then, the comA, degU, and uvrC-ORF2 proteins
comprise a subclass of effectors that are related functionally,
and the similarities of these molecules throughout their
lengths may reflect some special features of their modes of
action. Also noteworthy was the similarity of the comA gene
product to that of malT, a transcriptional regulator of the E.
coli maltose regulon (6, 47) (data not shown). This similarity
was significant (z value, 9.3 standard deviations) as was the
similarity between the malT and degU proteins (z = value,
10.2) (25). The comA and degU proteins resembled the
C-terminal moiety of the 901-amino-acid malT protein over
most of their lengths. However, there was no significant
resemblance of the malT and uvrC-ORF2 products (z value,
—0.9), suggesting that the relationships among these various
regulatory proteins are complex.

In the case of the regulation of nitrogen metabolism in E.
coli, it is known that the effector (ntrC) becomes a transcrip-
tional activator when it is phosphorylated (36, 58). The
C-terminal region of ntrC is directly involved in modulating
transcription (33). Since comA is required for the transcrip-
tion of several late competence genes, it was reasonable to
search for evidence that its protein product may interact
with DNA. Figure 7 presents a comparison that suggests the
presence of a helix-turn-helix-type DN A-binding motif in the
C-terminal region of the predicted comA sequence. Similar
sequences were evident at corresponding locations in the
C-terminal regions of the uhpA, uvrC-ORF2, and fixJ pro-
teins (Fig. 6, positions 171 to 185 on the comA sequence).

Possible biological roles for the comA and comB products.
The analysis presented above strongly suggests that the
comA gene product is a transcriptional effector that responds
to some signal that is essential for the initiation of compe-
tence development. Nakano and Zuber (35) have shown that
comA (called srfB in their report) is also required for
expression of a surfactin molecule in B. subtilis during the
stationary phase of growth, demonstrating that this effector
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FIG. 6. Comparison of the predicted amino acid sequences of the comA protein with those of other effector proteins. The FASTP program
(26) was used to align the sequences. In a few places (notably, in the case of uhpA), the alignment was improved by manual insertion of
dashes. Amino acids that were regarded as functionally related are shaded. Functionally related residues are classified as follows: M, L, I,
and V; H,K,and R; Dand E; Qand N; A, G, S, and T; F, W, and Y; P; and C. The sources of the protein sequences are given in the text.

is responsible for the regulation of a disparate set of genes.
In addition, competence development requires spo0A and
degU, whose products have also been found to be members
of the effector protein class (15, 21, 24, 25, 53) and to be
required for the expression of several disparate late growth
functions. Why are at least three effectors required? A
reasonable speculation is that complexity at this level en-
ables the cell to assess several independent environmental or
intracellular conditions, a particular combination of which
must be satisfied before competence is initiated. It is inter-
esting that a mutation in any one of these three effector genes
confers a leaky competence phenotype, typified by a several
hundred- to several thousand-fold deficiency. In contrast,
mutations in the late competence genes confer absolute
deficiency (at least 10°-fold) (19). This is consistent with the

proposed regulatory roles of these effectors and suggests
that in the absence of any one of them, the others are still
capable of carrying out a residual level of transcriptional
activation.

What might be the role of the comB protein in these
processes? The phenotype of comB138 is indistinguishable
from that of comA124. Both mutants are deficient in compe-
tence to the same extent (several hundred-fold) and both fail
to express late competence genes (18). A double comA comB
mutant strain is no more competence deficient than is either
single mutant strain (unpublished data). These facts suggest
that comB may play a role in the comA signal transduction
pathway, perhaps modulating signal recognition by a sensor,
transduction of the signal to the comA protein, activity of the
comA protein as a transcriptional factor, etc. One cautionary
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FIG. 7. Possible helix-turn-helix motif in the predicted comA
protein. Amino acid residues 170 to 189 from the C-terminal region
of the comA protein were compared with a group of probable
helix-turn-helix DNA-binding sequences that has been compiled
recently (20). The sequences selected for this comparison differed
from most of the previously recognized helix-turn-helix sequences
(39), most notably in the presence of an H residue in place of a
conserved G residue (present in A cI). Also shown is an inferred
helix-turn-helix consensus sequence taken from Siegele et al. (51), in
which p and h represent polar and hydrophobic residues, respec-
tively. The asterisks denote the positions in which the comA protein
sequence conforms to this consensus sequence.

point must be made concerning the comBI38 phenotype.
The insertion point of Tn9I7lac in this mutant was within 1
to 2 bases of the transcriptional start site and was not within
the coding region. It is possible that a low level of comB
transcription occurs from a weak promoter within Tn917lac
and that the real phenotype of a comB null mutation would
be different from that of comBI138.

The partial inhibition of sporulation in a strain carrying
multiple copies of comA is subject to several interpretations.
It is possible that comA transcriptional or translational
control regions are titrating a limiting factor that is required
for sporulation. It is also possible that the overproduction of
comA protein (Fig. 5) is responsible for the inhibition. One
intriguing possibility is that the comA protein competes with
an essential sporulation effector molecule for the attentions
of a common sensor or a sensor with less than absolute
specificity (so-called cross-talk [37]).

For most of the known effectors a sensor (also called a
modulator) has been identified which, in at least some cases,
is autophosphorylated and transfers a phosphate group to its
cognate effector (22, 28, 58, 60). This results in activation of
the effector function and the transduction of information to a
target system. Whether such a sensor-modulator exists for
comA is a matter that deserves attention.
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