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The newly identified sin gene affects late growth processes in Bacillus subtilis when it is overexpressed or
inactivated in the chromosome. S1 nuclease mapping of the sin gene transcripts in vivo reveals the existence of
three transcripts (RNAI, RNAII, and RNAIII). By correlating 5’ ends of sin gene transcripts with DNA
sequence, we have identified three different promoterlike sequences (P1, P2, and P3) for these transcripts.
3'-End mapping of these transcripts identified three prominent termination sites at the end of the sin gene.
These termination sites are localized on two hairpin structures previously identified from the DNA sequence.
The most abundant transcript, RNAIII, coded only for the sin gene, while the polycistronic transcripts RNAII
and RNAI coded for the sin gene and ORF1 that precedes the sin gene. S1 mapping and translational lacZ
fusion studies indicated that ORF1 and the sin gene are regulated differently. ORF1 expression is under
developmental control, increasing at the end of vegetative growth, and requires functional spo0A and spo0H
gene products. The sin gene is expressed at an almost constant and relatively low level throughout growth and
remains largely unaffected by spo0A and spo0H mutations.

During growth of bacterial cells, the pattern of gene
expression changes in response to variations in growth
conditions. Bacterial cells adapt to the changing environ-
mental conditions by ‘‘turning on’’ a new set of genes and
“turning off”’ nonessential genes. Multiple genes are often
organized into transcriptional units, operons. The organiza-
tion of genes in an operon helps to achieve coordinate
control of gene expression by regulating the amount of
transcription from the operon promoter. In a more complex
operon, however, discoordinate gene expression is also
observed under certain conditions. The o and B, B’ operons
of Escherichia coli that have genes for core RNA polymer-
ase subunits and ribosomal proteins are examples of such a
complex operon (12). The synthesis of RNA polymerase and
ribosomes is coordinately regulated upon changes in growth
rate, and the regulation is discoordinate during starvation for
amino acids. The discoordinate regulation is usually
achieved by having internal promoters and terminators
within the operon and by regulating expression of genes
posttranscriptionally.

Bacillus subtilis undergoes elaborate adaptive changes
during transition from vegetative growth to stationary phase
in response to nutrient depletion. These changes that accom-
pany and comprise the process of sporulation are production
of extracellular enzymes and antibiotics, acquisition of com-
petence, and development of motility (8, 15). Some muta-
tions that block sporulation also prevent appearance of all or
a subset of late growth events. Although late growth events
are linked to sporulation, they are not required for sporula-
tion. The precise nature of the mechanism that links sporu-
lation with late growth events is not known.

We have previously cloned, characterized, and sequenced
a B. subtilis DNA fragment which contains a gene, sin, that
may be involved in controlling late growth events (6). This
newly identified gene, when inactivated in the chromosome,
displayed pleiotropic phenotypes, which included the loss of
ability to develop competence and motility. An overabun-
dance of the sin gene product, obtained by gene dosage, was
inhibitory to sporulation and production of late growth-
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specific proteases (neutral and serine proteases) but had no
apparent effect on development of competence and motility.
The predicted amino acid sequence of the sin gene-encoded
protein is structurally similar to many bacterial regulatory
proteins that have sequence-specific DNA-binding domains,
displaying a helix-turn-helix motif. The sin gene is therefore
likely to be a good candidate for a regulatory gene that may
control late growth functions in B. subtilis. We describe in
this paper the structure of the sin gene operon and its
regulatory sequences as determined by S1 nuclease mapping
of in vivo RNA. The expression of the sin gene and ORF1
that precedes the sin gene is studied by using in-phase lacZ
translational fusions.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are listed in Table 1. B. subtilis
strains were grown on tryptose blood agar base (Difco
Laboratories, Detroit, Mich.) or minimal glucose medium
and were made competent by the procedure described by
Anagnostopoulos and Spizizen (1). E. coli IM109 was grown
in LB medium and was made competent by the procedure
described by Cohen et al. (3). The sporulation inhibition
phenotype was measured by colony morphology and by
exposing colonies to chloroform vapor (6). Plasmid DNA
isolation and transformation were done as described by
Gryczan et al. (7). All bacteriological media were made as
previously described (6, 10).

Isolation of B. subtilis RNA. RNA was prepared from IS170
cells grown in nutrient sporulation medium (NSM) and
harvested at different stages of growth. The frozen cell pellet
was used to extract RNA by the method described previ-
ously (10), but the DNase reaction was done in the following
way to remove the chromosomal DNA. The dried RNA
pellet suspended in 100 pl of TE buffer (10 mM Tris
hydrochloride, pH 8.0, 1 mM EDTA) was treated with 30 U
of DNase (Promega Biotec) in the presence of 400 U of
RNasin (Promega, Biotec) at 37°C for 30 min, after which
RNA was phenol extracted twice with TE-saturated phenol
and ethanol precipitated with 25 pl of 3 M ammonium
acetate-250 pl of ethanol. The DNA-free RNA pellet was
washed with acetone, dried, and suspended in 100 pl of TE.
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TABLE 1. Bacterial strains and plasmids

Sptlra zl:ﬁ?jr Relevant genotype or phenotype Source
B. subtilis
IS75 metB5 hisAl leuA8 I. Smith
1S170 metB5 hisAl recE4 I. Smith
1S423 metBS5 hisAl leuA8(::pIS135) This work
1S424 metBS5 hisAl leuAS8(::plS142) This work
1S434 trpC2 pheAl spoOHAHind(::pIS135) This work
1S435 trpC2 pheAl spoOHAHind(::p1S142) This work
1S444 trpC2 pheAl spo0AA204(::pIS135) This work
1S445 trpC2 pheAl spo0AA204(::plS142) This work
1S457 trpC2 pheAl(::pIS135) This work
1S458 trpC2 pheAl(::pIS142) This work
Plasmid
pIS74 Cm" Sin* 6
pIS112 Cm" Amp" I. Smith
pIS135 Cm" Amp" Lac* This work
pIS142 Cm" Amp" Lac* This work

The quality of RNA was determined on 1.5% agarose gel,
and the quantity was measured spectrophotometrically.

DNA end labeling. The restriction fragments obtained from
pIS74 were 5'-end labeled by removing terminal phosphate
with alkaline phosphatase and labeling with [y->?P]JATP and
polynucleotide kinase (10). SfaNI and Mbol end-labeled
fragments were restricted with either Xbal or HindIII, and
then the fragments were separated on 5% polyacrylamide
gel. The appropriate bands were cut out from the gel and
isolated by electroelution. Similarly, Mael end-labeled frag-
ments were digested with EcoRV, and the appropriate band
was isolated.

The 3’-end-labeled probe, also from pIS74, was prepared
by using Klenow fragment DNA polymerase (Boehringer
Mannheim Biochemicals) and [a-32P]JATP. The SfaNI site,
which was used for 3'-end labeling, when restricted, gener-
ates a 5’ overhang, and from the sequence we determined
that the filled in 3’ end would have two terminal A nucleo-
tides. The *‘fill-in’’ labeling was done with the A° mix of
Sanger’s sequencing method (19). The labeled fragments
were digested with HindIII, and the appropriate band was
isolated from the 5% polyacrylamide gel.

S1 nuclease mapping. The labeled probe (10,000 to 20,000
cpm) was mixed with RNA (30 or 150 pg), dried, and
suspended in 10 pl of hybridization buffer {80% deionized
formamide, 1 mM EDTA, 400 mM NaCl, 40 mM PIPES
[piperazine-N,N’-bis (2-ethanesulfonic acid)], pH 6.4}. The
mixture was incubated at 80°C for 10 min and then immedi-
ately transferred to a water bath set at the hybridization
temperature for 3 h. The hybridization temperature was
empirically determined to be optimal for the formation of
DNA-RNA hybrids. The hybridization temperature, 48°C,
was used for all probes except Mael-EcoRV and Mbol-Xbal
probes, for which it was 41°C. The low hybridization tem-
perature was required to see small protected DNA bands.
After hybridization, 300 pl of ice-cold S1 buffer (0.28 M
NaCl, 30 mM sodium acetate, pH 4.4, 4.5 mM zinc acetate,
20 pg of sonicated calf thymus DNA per ml) and 500 U of S1
nuclease (Boehringer Mannheim) per ml were added and
incubated at 37°C for 30 min. The reaction was stopped by
adding 100 pl of stop mixture (2.5 M ammonium acetate, 50
mM EDTA). A 1-pl portion of carrier RNA (20 mg/ml) was
added and ethanol precipitated. The dried pellet was sus-
pended in 10 pg of loading dye. The samples were electro-
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phoresed on a 6 or 8% polyacrylamide gel containing 7.5 M
urea and visualized by autoradiography.

G+ A DNA sequencing reaction on the probe was done as
described by Maxam and Gilbert (13).

Construction of lacZ fusion plasmids pIS135 and pIS142.
Plasmid pIS135 (detailed structure shown in Fig. 1) was
constructed by cloning an approximately 1-kilobase Mbol
fragment of pIS74 (6) containing some vector sequences and
all of the regulatory sequences (P1 and P2 and the ribosome-
binding site) and 11 codons of the ORF1 gene, terminating at
a BamHI site of pIS112 (M. Lewandoski and I. Smith,
manuscript in preparation). pIS112 is a derivative of
pSK10A6 (21) and has a chloramphenicol resistance deter-
minant that can be selected in B. subtilis. pIS74 was re-
stricted with Mbol, and the DNA fragments were ligated to
BamH]I-digested pIS112. The ligated mix was transformed to
E. coli IM109 selecting for ampicillin resistance (Amp")
on LB plates containing 100 pg of ampicillin per ml and
5-bromo-4-chloro-3-indolyl-pD-galactopyranoside.  Plasmid
DNA was isolated from transformants which produced blue
color on LB-5-bromo-4-chloro-3-indolyl-p-galactopyrano-
side plates. The presence of plasmids with the proper insert
DNA was checked by restricting rapid plasmid preparations
with EcoRV, which has a unique restriction site in pIS74 in
the ORF1-containing insert. From the sequence, we pre-
dicted that in-phase cloning would regenerate the BamHI

BamHI

|
AGGAGGAGAAACTGC ATG AAG AAT GCA AAA CAA GAG CAC TTT GAA TTG gat ccc
S.D\.l f-Met Lys Asn Ala Lys Gln Glu His Phe Glu Leu asp pro
~ ORF 1 lacz,”’
’

pIS135

FIG. 1. Structure of pIS135, an ORFl-lacZ plasmid. Plasmid
construction is described in Materials and Methods. The known
regulatory regions (P1, P2, and S.D.1 with 11 N-terminal amino
acids of ORF1) which would direct the synthesis of B-galactosidase
are shown. The EcoRI-Xbal fragment upstream of the Xbal-BamHI
DNA with P1, P2, and S.D.1 comes from the plasmid vector. B.s.,
B. subtilis; E.c., E. coli.
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site (Fig. 1). The digestion of the plasmid with BamHI
showed that the site is regenerated and therefore the ORF1-
lacZ fusion is in phase. The orientation of the insert was
determined by checking the asymmetric EcoRV site of the
insert relative to flanking BamHI and EcoRI sites. The
correctness of the ligation and the absence of any mutations
in ORF1 have been confirmed by DNA sequencing (data not
shown).

pIS142 is a lacZ fusion plasmid of the sin gene, and its
detailed structure is shown in Fig. 2. This plasmid was
constructed by using a Mael fragment of pIS74 which
includes the proximal part of the ORF1-sin gene from Xbal
(Mael recognizes a subset of Xbal sequences) up to a Mael
site which is at the 20th codon of the ORF2-sin gene. This
DNA fragment, after Mael digestion, was purified, filled in
with Klenow DNA polymerase, and ligated to Smal-re-
stricted pIS112. The ligated mix was transformed to E. coli
JM109, and transformants were selected on LB-5-bromo-4-
chloro-3-indolyl-D-galactopyranoside plates containing 100
pg of ampicillin per ml. Blue colonies were selected to
isolate plasmid DNAs. Those were tested for the EcoRV
restriction site, which, as above, indicated the presence of
the insert. The orientation of the insert was determined by
checking the asymmetric EcoRYV site of the insert relative to

Ball (HaelIII)
A\AGGAAGGTGATGACA TTG ATT GGC CAG CGT ATT AAA CAA TAC CGT AAA GAA

\S\.D.Z f-Met Ile Gly Gln Arg Ile Lys Gln Tyr Arg Lys Glu
“ ORF 2
\\ BamHI
N Mael !
N AAA GGC TAC TCA CTA TCA GAA CTA g9g gat ccc

“ Lys Gly Tyr Ser Leu Ser Glu Leu gly asp pIp
lacz ’

pIsl42

FIG. 2. Structure of pIS142, a sin-lacZ fusion plasmid. Construc-
tion of the plasmid is described in Materials and Methods. The
structure of sin-lacZ fusion is shown with known regulatory regions
which would direct the synthesis of B-galactosidase. The regulatory
regions of interest are sin gene promoters (P1, P2, and P3), upstream
ORF1, and the sin gene translational signal with its 20 N-terminal
amino acids. B.s., B. subtilis; E.c., E. coli.
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FIG. 3. Probes used for S1 nuclease mapping of sin gene tran-
scripts. The pIS74 insert containing ORF1 and the sin gene is shown
with appropriate restriction sites. Various probes used for S1
nuclease mapping are shown below the pIS74 insert. Filled circles
represent labeled 5’ ends. Probe with labeled 3’ end is indicated with
the open circle. Unmarked end of the probe is the site of second
restriction enzyme.

flanking BamHI and EcoRI sites. The plasmid with the
proper insert orientation was designated pIS142. DNA se-
quencing of pIS142 showed the expected sequence at the
fusion site and that upstream sequences were unaltered.

B-Galactosidase assay. The B-galactosidase activity was
determined and activity is expressed in Miller units, as
described by Miller (14).

RESULTS

5’-End mapping and regulation of sin gene transcripts. The
DNA sequence of the fragment containing the sin gene
showed the existence of five ORFs in both DNA strands (6).
Various deletions, mutations, and subcloning analysis sug-
gested that ORF2 encoded the sin gene. The DN A sequence
also revealed that the sin gene was immediately followed by
two hairpin structures which resembled E. coli rho-indepen-
dent terminators. Quantitative S1 nuclease mapping experi-
ments were performed to identify the 5’ ends of mRNAs
encoding the sin gene. IS170 was grown in sporulation
medium, and total RNA was extracted from exponentially
growing cells (40 to 50 Klett units) and the T, stage of
sporulation (2 h into sporulation, with T, defined as the
beginning of the stationary phase of growth). Two levels of
RNA (30 and 150 pg) were hybridized with constant and
saturating amounts of different probes (Fig. 3) and treated
with S1 nuclease (see Materials and Methods). The S1
nuclease-resistant DNA fragments were analyzed on dena-
turating 6 or 8% polyacrylamide gels. The probe alone with
or without S1 treatment was always run as a control.

The 733-base-pair (bp) Xbal-SfaN1 probe (probe 1) 5'-end
labeled at the SfaNI site was protected by two exponential-
phase transcripts, RNAI and RNAIII (Fig. 4). The amount of
protection was proportional to the level of total RNA (lanes
1 and 2). The relative amount of RNAIII is at least 10-fold
higher than that of RNAI. During sporulation, an additional
transcript, RNAII, protected the probe, and the protection
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FIG. 4. S1 nuclease mapping of transcripts from the sin gene
region of the B. subtilis chromosome. Total RNA was isolated at
exponential phase and a sporulation stage (T,) from IS170 grown in
sporulation medium (NSM). The 733-bp Xbal-SfaNI probe that was
5’-end labeled at the SfaNI site was hybridized with two levels of
total RNA, S1 nuclease treated, and electrophoresed on an 8%
polyacrylamide gel under denaturing conditions (lanes 1 to 6).
Similarly, to map any RNA for the other DNA strand, an SfaNI-
HindIII probe (307 bp) that was 5’-end labeled at the SfaNI site was
subjected to S1 nuclease mapping (lanes 7 to 12). The samples were
run along with 5'-end-labeled Hinfl fragments of pBR322, and the
sizes are shown in base pairs on the right (lane 13). Lanes 1 through
6, S1 nuclease-protected fragments of Xbal-SfaNI probe, hybrid-
ized with 30 and 150 pg of exponential-phase RNA (lanes 1 and 2,
respectively) and 30 and 150 ug of sporulation-phase (T,) RNA
(lanes 3 and 4), respectively. Controls, Probe with no RNA but
treated with S1 (lane 5) or probe alone and not treated with S1 (lane
6). Lanes 7 through 12, S1 nuclease mapping with SfaNI-HindIII
probe, hybridized with 30 and 150 pg of exponential-phase RNA
(lanes 7 and 8, respectively) and 30 and 150 pg of sporulation-phase
RNA (lanes 9 and 10, respectively). Controls, Probe with no RNA
but treated with S1 (lane 11) or probe alone and not treated with S1
(lane 12). The band migrating more slowly than RNAI in lanes 2 and
4 corresponds to a full-length probe not completely digested with S1
nuclease.

increased with increasing amounts of RNA (lanes 3 and 4).
Comparison of RNA levels during growth and sporulation
suggested that RNAI was increased during sporulation,
whereas RNAIII was more abundant during vegetative
growth (cf. lanes 1 and 2 with lanes 3 and 4, respectively).
RNAII was completely absent during vegetative growth. To
determine the precise time of changes in the RNA levels,
quantitative S1 nuclease mapping was done with total RNA
made at stages T_, Ty, T,, and T, (results not shown). At
stage T, (beginning of sporulation), the RNAI level in-
creased and the level of RNAIII decreased. RNAII began to
appear at stage T, and was most abundant at that stage.
Approximate sizes of the nuclease-protected DNA frag-
ments were determined relative to labeled single-stranded
Hinfl-digested pBR322 DNA. These would determine the
site of transcription initiation and were calculated to be
approximately 580, 500, and 260 bp upstream from the SfaNI
site for RNAI, RNAII, and RNAIII, respectively. The band
migrating more slowly than RNAI corresponds to the DNA
probe not completely digested with S1 nuclease.

To determine more precisely the transcription initiation
site, two shorter 5’-end-labeled probes were used. The
549-bp EcoRV-Mael probe (probe 2) 5’-end labeled at the
Mael site was used mainly to map the 5’ end of RNAIII on
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sequencing gel. As was expected, the probe was protected
by all three RNAs, and the protection increased with in-
creasing amounts of total RNA (results not shown). To map
the 5’ end of RNAIII, S1 nuclease-protected fragments were
run along with the G+ A Maxam-Gilbert sequencing reaction
performed on the same probe (Fig. 5A). The position of the
RNAIII-protected band was aligned with the DNA se-
quence. It corresponded to nucleotide A at position 474 on
the published sequence of the sin gene (6). It is interesting to
note that this position is the beginning of the putative
ribosome-binding site of the sin gene. It suggested that
RNAIII would have no leader sequence 5’ upstream to the
sin gene. .

Similarly, the 319-bp Xbal-Mbol probe (probe 3) 5'-end
labeled at the Mbol site was used to locate the 5’ ends of
RNAI and RNAII. This probe was protected by RNAI and
RNAII but not by RNAIII, and the protection was propor-
tional to the amount of total RNA (data not shown). The S1
nuclease-protected fragments were run beside the G+A

RNA Il

1 2

FIG. 5. High-resolution S1 nuclease mapping of 5’ ends of sin
gene transcripts. (A) the 549-bp EcoRV-Mael probe 5'-end labeled
at the Mael site was subjected to S1 nuclease mapping with 30 and
150 ug of exponential- and sporulation-phase RNA. The samples
were analyzed on a low-resolution gel before one of them was run on
a 6% polyacrylamide sequencing gel. Lane 1, S1 nuclease-resistant
fragment protected by RNAIII, using 30 pg of exponéntial-phase
RNA; lane 2, G+ A chemical cleavage ladder of the probe. The DNA
sequence of the relevant region is displayed on the right, and the
nucleotide corresponding to the 5’ end of RNAIII is marked with a
bar. The bands on the sequencing gel are light and do not photo-
graph well, but are easily discernible in the original autoradiograph.
(B) The 319-bp Xbal-Mbol probe 5'-end labeled at the Mbol site was
used to map precisely the 5’ ends of RNAI and RNAII by S1
nuclease mapping, as described previously. After analysis on low-
resolution gel, a sample of S1 nuclease-protected DNA fragments
hybridized with 150 g of sporulation-phase (T,) RNA was run on
6% polyacrylamide sequencing gel (lane 2). The G+A chemical
cleavage ladder of the probe was also run (lane 1). The DNA
sequence of the relevant region is displayed on the left. The
sequence corresponding to the 5 end of RNAI and RNAII is marked
with a vertical line.
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Maxam-Gilbert sequence ladder of the same probe (Fig. SB).
The gel position of RNAII- and RNAI-protected DNA
fragments was aligned with the DNA sequence to map the
precise location of 5’ ends. RNAIl-protected fragments
corresponded to nucleotides C-A at positions 230 and 231 on
the sin gene sequence. RNAI-protected fragments corre-
sponded to nucleotide sequence ATA at positions 161 to 163.
Multiple protected DNA bands are usually observed in S1
mapping experiments, and the most likely transcription
initiation site is considered to be the one corresponding to
the largest protected DNA fragment.

The DNA sequence of the sin gene-carrying fragment
revealed two ORFs in the other DNA strand which, how-
ever, had no complete translational signals (6). We decided
to determine the existence of any RNA for these ORFs by S1
mapping. Total RNA isolated from exponential and sporu-
lation (T,) stages was Hybridized to an SfaNI-HindIII probe
(probe 4) 5'-end labeled at the SfaNI site and an Mbol-
HindIII probe (probe 5) 5’ labeled at the Mbol site. As with
probe 4 (Fig. 4, lanes 7 to 12), no protection was observed at
30 or 150 pg of total RNA prepared from the exponential or
sporulation stage. Similar negative results were obtained
with probe 5, as no protection of the probe was detected
(data not shown). This indicates that the other DNA strand
is not transcribed and two ORFs in that DNA strand are not
translated.

3'-End mapping of sin gene transcripts. The sequence of
the sin gene revealed two stem-and-loop structures at the
end of ORF2 which resembled E. coli rho-independent
terminators. To determine that they function as terminators
in B. subtilis, we mapped the 3’ ends of RNAs extending
through the sin gene. A 3'-end-labeled SfaNI-HindIII frag-
mernt (probe 6) (308 bp) was used to probe the 3’ ends of
RNAs by S1 mapping. Total RNAs, 30 and 150 pg, isolated
at different stages of growth (T_,, T,, T,, and T,) were
hybridized with the probe, and the hybrid was subjected to
S1 nuclease digestion. The labeled DNA fragments resistant
to S1 nuclease were analyzed on a low-resolution polyacryl-
amide gel, and three prominent protected bands, t,, t,, and
t;, were seen and were estimated to map approximately 120,
130, and 170 bp downstream from the 3’-end-labeled SfaNI
site (data not shown). The protection increased with increas-
ing amounts of total RNA, suggesting that the S1 mapping
results were quantitative. It was also apparent from this
experiment that the total amount of sin gene transcripts
remains largely unchanged throughout growth. Full-length
protection of the probe was not observed, indicating that all
transcripts extending through the sin gene terminated at one
of these three termination sites. It would suggest that there
would be no readthrough transcript available for the trans-
lation of ORF3, an ORF distal to the sin gene (6). However,
we cannot rule out any RNA originating downstream from
the SfaNI site which can be transcribed through these
terminators.

To precisely map the 3’ ends of RNAs, S1 nuclease-
protected fragments were run beside the G+A Maxam-
Gilbert sequence ladder of the probe on sequencing gel (Fig.
6). The positions of S1 nuclease-resistant bands were aligned
with the corresponding sequence. Figure 7 shows the loca-
tion of major protected bands displayed on the predicted
hairpin structures. It is interesting to note that the first
hairpin structure has two major termination sites (t; and t,).
It is known in E. coli rho-independent terminators that the
major RNA termination site is the first T at the base of the
stem (18). It is possible that the first hairpin structure exists
in two alternate structures, the second one being open up to
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FIG. 6. Termination of sin gene transcripts. High-resolution S1
nuclease mapping of 3’ ends of sin gene transcripts. S1 nuclease-
resistant DNA fragments of a 3’-end-labeled SfaNI-HindIII probe
hybridized with 150 ug of T, RNA were run on a 7.5 M urea—6%
polyacrylamide gel (lane 2). The G+ A chemical cleavage ladder of
the probe is shown in lane 1. The DNA sequence of the relevant
region taken from the published sequence (6) is displayed on the left.

t, at the base of the stem. In fact, there are five A or T
nucleotides out of a total of six in the paired region below t,,
which in an equilibrium with paired and unpaired structures
would favor the latter. However, the stem above t, should be
stable as it is rich in G-C base pairs. The only major
termination site, t;, in the second hairpin structure is at the
first T, which is preceded by a stem having 7 G-C bp of 11
bp.

Expression of ORF1-lacZ and sin-lacZ fusions. After learn-
ing that the DNA region encoding ORF1 and the sin gene is
transcribed in vivo, we decided to make translational lacZ
fusions to demonstrate that they indeed are translated.
These fusions were also used to study regulation under
various physiological conditions. The in-phase lacZ fusion
for ORF1 was constructed at the Mbol site generating
pIS13S5 (see Materials and Methods), which would use ORF1
transcriptional and translational signals for expression of
B-galactosidase. A similar transcriptional-translational fu-
sion was constructed between lacZ and the sin gene at the
Mael site, creating a plasmid, pIS142 (see Materials and
Methods for details). pIS135 and pIS142 have defective
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FIG. 7. Structure of two terminators located at the end of the sin
gene. The most prominent band representing each termination site is

indicated with an arrow on the DNA sequence presented as hairpin
structures.

replicative function in B. subtilis and are thus integrative
plasmids. A wild-type strain, IS75, was transformed with
pIS135 and pIS142 by selecting for plasmid-encoded chlor-
amphenicol resistance. The Cm" transformants would origi-
nate through a Campbell-like integration of the whole plas-
mid into the chromosome, using the homology of the cloned
sin gene DNA sequences. The integration of the plasmid into
the chromosome would result in the expression of B-galac-
tosidase synthesis under the control of any known or un-
known control elements of the sin gene which lie upstream
from the lacZ fusion site. I1S423 and 1S424 strains were
constructed this way by transformation of pIS135 and
pIS142, respectively. B-Galactosidase synthesis in 1S423
would be under the control of promoters P1 and P2 and
translational initiation signals of ORF1. Similarly, in 1S424,
promoters P1, P2, and P3 would direct the synthesis of
B-galactosidase. However, in 1S424, ORF2 translational
signals would be used for B-galactosidase synthesis. Chro-
mosomal DN As prepared from IS423 and 1S424 were used to
transfer the lacZ fusions to various genetic backgrounds.
The B-galactosidase activity of ORF1-lacZ and the sin-
lacZ fusions was measured at 0.5-h intervals under various
conditions: The B-galactosidase activity of ORF1-lacZ fu-
sion in a wild-type Spo™ strain (IS457) was induced three- to
fourfold at the beginning of sporulation (Fig. 8). This induc-
tion was prevented by supplementing NSM with 0.5% glu-
cose, which also suppressed sporulation. The effects of two
spo0 mutations, spo0A and spoOH, were also studied on the
expression of ORF1-lacZ fusion. Figure 8 showed that the
B-galactosidase activity was dramatically reduced in the
spoOH mutant. The activity was also very low in the spo0A
mutant. The B-galactosidase activity of the sin-lacZ fusion in
the wild-type strain (IS458) remained relatively unchanged
during growth and stationary phases when grown in NSM
with or without glucose (Fig. 9). Contrary to ORFl-lacZ
fusions, the sin-lacZ fusion activity remained largely unaf-
fected by spo0A or spo0OH mutations. While sin-lacZ activity
remains low throughout growth and stationary phases, it is
much higher than endogenous B-galactosidase activity (in
the absence of any integrated lacZ fusions), which reaches 1

B. SUBTILIS sin OPERON 1051

to 2 Miller units during stationary phase and is completely
repressed by glucose (4).

Structural features of sin gene promoters. Three RNAs
(RNAI, RNAII, and RNAIII), as revealed by S1 nuclease
mapping, would be transcribed through the sin gene. The
time of appearance and relative abundance of these RNAs
suggested that they might be transcribed by a different type
of promoters or were regulated differently or both. If the 5’
ends of these RNAs in vivo were unprocessed and repre-
sented the actual transcriptional initiation site, then the
examination of DNA sequence in the —10 and —35 regions
should allow us to tentatively assign the type of promoters
for these RNAs. P3, the promoter for RNAIII, has a —10
region identical to o** promoters (11) and has two of six
bases identical in the —35 region (Table 2). The promoter for
RNAII (P2) is tentatively assigned to be a o®° promoter for
the following reasons: (i) the time of appearance of RNAII is
the same as of promoters utilized by o2 (17); (ii) the DNA
sequences in —10 and —35 regions are similar to consensus
o?° promoter sequences (Table 2). P1, the promoter for
RNALI, is induced at the beginning of sporulation and its
activity is severely impaired in the spoOH and spo0A mu-
tants. As the spo0OH protein is now considered to be a newly
discovered sigma factor, o°® (4a) which is part of a holoen-
zyme that reads the spoVG promoter (2), it is possible that
P1 is recognized by ¢*°. The DNA sequences of Pl are
compared with citG promoter P2, which also requires spoOH
for its in vivo transcription (I. Feavers and A. Moir, personal
communication). It is interesting to note that 6 bp upstream
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FIG. 8. Regulation of ORF1-lacZ fusion integrated in the chro-
mosome and measured as B-galactosidase activity. The ordinate
represents B-galactosidase activity expressed in Miller units (14).
The abscissa represents growth time in hours, and T, is the
transition point between vegetative growth and stationary phase.
Symbols: @, 1S457 (Spo*) grown in NSM containing 5 pg of
chloramphenicol per ml; B, IS457 (Spo*) grown in NSM containing
0.5% glucose and 5 pg of chloramphenicol per ml; @, 1S444 (spo0A)
grown in NSM containing 5 pg of chloramphenicol per ml; A, 1S434
(spoOH) grown in NSM containing 5 pg of chloramphenicol per ml.
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FIG. 9. Regulation of chromosome integrated sin-lacZ fusion
measured as B-galactosidase activity. The ordinate and abscissa are
as in the legend to Fig. 8, with the same scale for comparison.
Symbols: @, 1S458 (Spo*) grown in NSM containing 5 pg of
chloramphenicol per ml; B, 1S458 (Spo*) grown in NSM containing
0.5% glucose and 5 pg of chloramphenicol per ml; ¢, 1S445 (spo0A)
grown in NSM containing S pg of chloramphenicol per ml; A, IS435
(spoOH) grown in NSM containing 5 pg of chloramphenicol per ml.

from the transcription start site it has 7 of 8 bp identical to
that of citG promoter P2 (Table 2). There is also identity of
7 of 8 bp in the —35 region when citG P2 and sin P1 are
compared. However, there is a TATAAT sequence at —7 to
—12, so it is also possible that this promoter is transcribed by
o** polymerase.

DISCUSSION

The sin gene was originally identified as a gene which had
an inhibitory effect on B. subtilis sporulation when cloned in
multicopy plasmids (6). The inhibition activity was localized

J. BACTERIOL.

to a DNA sequence containing an open reading frame,
ORF2, now named sin, preceded by a regulatory region.
DNA sequence analysis showed that the sin gene ORF2 had
a DNA-binding domain similar to that of many procaryotic
regulatory proteins. ORF1, which preceded sin ORF2, was
not required for multicopy inhibition of sporulation and
protease production. The inactivation of the sin gene and
ORF1 in the chromosome caused an overproduction of
a-amylase and protease activity and the loss of competence
and motility.

Combining our data of S1 nuclease mapping for both §’
and 3’ ends of in vivo RNA from ORF1 and the sin gene
regions, we have shown the existence of three transcripts for
the sin gene. The major transcript, RNAIII, coding only for
the sin gene, is transcribed from a o*>-like promoter (P3).
Two larger transcripts, RNAI and RNAII, initiate at promot-
ers P1 and P2, extend through ORF1 and the sin gene
regions, and are thus polycistronic. Promoters P1 and P2
may be utilized by alternative RNA polymerases, but the
identity of the RNA polymerase forms utilizing these pro-
moters awaits in vitro transcription studies. These three
transcripts terminate at two terminators similar to E. coli
rho-independent terminators which are located at the end of
the sin gene.

The lacZ fusions in ORF1 and the sin gene and the
existence of transcripts in this region unequivocally demon-
strate that they are translated in vivo. It is interesting to note
that ORFl-lacZ expression is higher than the sin-lacZ
expression even though the total RNA for the sin gene is
much higher than the ORF1 RNA. We feel that the low
levels of sin gene expression are not artifacts due to the
construction and integration of the lacZ fusions. We have
recently shown that the chromosomal sin gene is expressed
at extremely low levels throughout growth, as evidenced by
immunodetection of the sin protein (Gaur and Smith, unpub-
lished results). Clearly, sin-lacZ expression is regulated
posttranscriptionally. It is possible that the sin gene has poor
translational signals and therefore is expressed poorly. The
comparison of putative ribosome-binding sites indicates that
indeed the sin gene has a relatively poor ribosome-binding
site (Fig. 1 and 2), but it is not possible, as yet, to conclude
that this difference in ribosome-binding site is enough to
account for such a difference in ORFl-lacZ and sin-lacZ
expressions. Additional posttranscriptional controls cannot
be completely ruled out. We can, however, rule out the
involvement of any countertranscript which might prevent the

TABLE 2. Comparison of promoter DNA sequences®

Promoter -35 Spacer -10
* * * % %k 3k % %k
o TTGACA TATAAT
sin P3 CCGTAAATCCTTTCTGAATGTGCTATAATATCACA
+ 1
* % * %k %k *
o GAA -AA -T CATATT -T
sin P2 GACTTCCAGAGACTAATGAAGCATACAATAAGTCA
+ 1
* %k %k * * * k% * *
spoVG AGGATTTCAGAAAAAATCGT GGAATTGATACACTAATG
citG P2 AGGATTTTTTGTGTCATTGG CGAATTATGATCTATTGA
sin P1 CTCGTTTTTTTTGAGAAAAATACGATTATAATAAAGGTA
* 3k %k kx ko k * ok * * k k k %k * Kk * +1

2 The sequence of a nontranscribed strand is given. The +1 positions of the sin gene promoters are indicated. Identical nucleotides are marked with asterisks
(*). The consensus promoter sequences of ¢*> (11) and ¢° (17) are shown above the sin gene promoters P3 and P2. The sin gene promoter P1 is compared with
the citG promoter P2 (Feavers and Moir, personal communication) and the spoVG promoter utilized by o in vitro (2).
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translation of sin gene transcripts as has been observed for
some genes (16). We have not detected any transcript from the
other DNA strand in vivo by using two different probes.

ORF1-lacZ expression is induced at the beginning of
sporulation and induction is prevented by high glucose,
which also prevents sporulation. It suggests that induction is
related to sporulation. The increased level of RNAI at the
beginning of sporulation, as has been observed by S1 nucle-
ase mapping, may account for this induced ORFl-lacZ
expression. RNAII also increases, but this rise occurs at T,
and this cannot account for the T, rise. ORF1-lacZ expres-
sion is reduced in the spo0A strain and more so in a spoOH
background. It suggested the role of these spo0 genes during
vegetative growth. Perhaps the spoOH gene product, being a
sigma factor (¢>°) (2; Dubnau et al., in preparation) controls
the utilization of promoter P1. The observation that spo0A is
required for expression of a spo0H-lacZ fusion may explain
the spo0A-dependent expression of ORF1-lacZ (4; J. Weir et
al., unpublished results).

It is interesting to note that sin-lacZ fusion expression is
relatively unchanged under those conditions that affect
ORF1-lacZ fusion expression even though ORF1 and the sin
gene are in the same operon. It is possible to speculate on the
nature of this discoordinate regulation of expression of
ORF1 and the sin gene. The steady-state levels of sin gene
transcripts may represent the extent of contribution they
make for the formation of sin gene protein. In that case the
most abundant transcript, RNAIII, should contribute maxi-
mally to the formation of the sin gene protein. The contri-
bution of relatively small amounts of polycistronic tran-
scripts (RNAI and RNAII) for the formation of sin gene
protein may be minimal. Promoter P3 for RNAIII may not be
subjected to developmental regulation, and therefore the
expression of sin gene is not significantly affected by muta-
tions in spo0A and spoOH genes. However, as ORF1 is
translated with only polycistronic transcripts, its expression
would be dependent on promoter P1 and, after T,, on both
promoters P1 and P2.

In B. subtilis, many genes with multiple promoters and
genes in an operon have been reported previously (5, 9, 10,
20). However, the sin gene operon may be the first example
in which the expression of an upstream gene (ORF1) is
sensitive to high glucose and mutations in spo0 genes, and
the expression of downstream gene (sin gene) remains rela-
tively unaffected under these conditions.

While the regulation of ORF1 and the sin genes is of
interest in our understanding of late growth control, the
actual function of the sin protein is also significant in this
regard. As previously described, overproduction of the sin
protein inhibits protease production, as well as sporulation,
and disruption of the sin gene causes a loss of competence
(6). Recently, we have shown that the sin protein behaves
like a DN A-binding protein and in vivo inhibits the transcrip-
tion of the aprE gene (Gaur and Smith, unpublished results).
B. subtilis strains with a sin gene disruption are completely
negative with respect to the in vivo transcription of several
competence genes (Y. Weinrauch and D. Dubnau, personal
communication). This suggests that the sin protein is a
regulator, both negative and positive, of late growth genes.
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