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Bacillus subtilis SpollID Protein Binds to Two Sites in the
spoVD Promoter and Represses Transcription by o*
RNA Polymerase

BIN ZHANG,' RICHARD A. DANIEL,? JEFFERY ERRINGTON,? anp LEE KROOS'*

Department of Biochemistry, Michigan State University, East Lansing, Michigan 48824," and Sir William Dunn School
of Pathology, University of Oxford, Oxford OXI 3RE, United Kingdom?

Received 26 September 1996/Accepted 15 November 1996

The Bacillus subtilis spoVD gene encodes a penicillin-binding protein required for spore morphogenesis.
SpolllID is a sequence-specific DNA-binding protein that activates or represses the transcription of many
different genes. We have defined the spoVD promoter region and demonstrated that it is recognized by o™ RNA
polymerase in vitro and that SpollID represses spoVD transcription. Two strong SpollID-binding sites were
mapped in the spoV’D promoter region, one overlapping the —35 region and the other encompassing the —10

region and the transcriptional start site.

In response to starvation, Bacillus subtilis initiates a devel-
opmental process involving a series of morphological changes
driven by a program of gene expression (6). One of the early
morphological changes is the formation of an asymmetric sep-
tum that divides the bacterium into two compartments, the
mother cell and the forespore. Subsequent migration of the
septum engulfs the forespore in a double membrane, pinching
it off as a free protoplast within the mother cell. Cell wall-like
material known as the cortex is then deposited between the two
membranes. Finally, the mother cell synthesizes so-called coat
proteins that assemble on the surface of the forespore and the
mature spore is released by lysis of the mother cell. The pro-
gram of gene expression driving these morphological changes
involves a cascade of sigma factor activity (9, 18). In the mother
cell, the products of genes transcribed by o RNA polymerase
(EoF) are primarily responsible for engulfment, cortex forma-
tion, and production of o, while the products of genes tran-
scribed by o RNA polymerase (Ec™) function mainly in for-
mation of the spore coat, as well as mother cell lysis (6, 9).
Another key regulator of mother cell gene expression is
SpollID, a sequence-specific DNA-binding protein that acti-
vates or represses many genes in both the oF and o® regulons
(8, 14). Previous genetic studies suggested that the spoV’D gene
is likely to be a member of the o™ regulon and showed that
spoVD is overexpressed in spollID mutant cells (3). The prod-
uct of spol/D is a penicillin-binding protein. Penicillin-binding
proteins generally carry out the final steps of the synthesis of
peptidoglycan, which is the major component of the cortex.
Consistent with a proposed role of SpoVD in cortex synthesis,
spoVD mutant cells are defective in spore cortex development
(1, 3). Here we show that Ec® can transcribe spoVD in vitro
and that SpolIID can repress spoV’D transcription by binding
to the promoter region.

spoVD is transcribed by Ec® in vitro, and SpoIIID represses
this transcription. Several lines of evidence suggest that spoVD
is transcribed by Eo® (3). First, expression of a spoVD-lacZ
fusion was reduced or abolished in strains defective in oF
production. Second, spoVD-lacZ was expressed when tran-
scription of the spolIG operon encoding pro-¢® and its puta-
tive processing enzyme, SpollIGA, was induced in vegetative
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cells. Third, the spoV’D promoter region shows sequence sim-
ilarity to other o®-dependent promoters. The upstream bound-
ary of the spoVD promoter region was defined by deletion
analysis with exonuclease III-S1 nuclease digestion and the
integrational plasmid vector pSG1301 (3). Plasmids with in-
serts extending from a range of positions in the vicinity of the
transcriptional start site (TSS) to a unique HindIII site in the
middle of the spoVD coding region were integrated into the
chromosome of Spo™ strain SG38 (7). Inserts with their up-
stream ends located up to and including —28 bp relative to the
TSS gave a Spo~ phenotype upon integration, indicating that
promoter function was absent, whereas inserts extending to
—42 bp or farther upstream were Spo™, indicating at least
partial promoter activity. The minimal sequences needed for
spoVD expression thus lie within 42 bp of the TSS. To deter-
mine whether Ec® could recognize this promoter in vitro, a
plasmid extending well upstream of the promoter (to —211)
and to position +103 downstream (pSG1362; reference 3) was
used as the template in runoff transcription assays. The plas-
mid was linearized by digestion with restriction enzymes that
cleave at different sites downstream of the spoVD promoter,
generating DNA templates that would produce spoV’D runoff
transcripts of different lengths. In vitro transcription reactions
were performed as described previously (8). Runoff transcripts
were electrophoresed in a 5% polyacrylamide gel containing 8
M urea and detected by autoradiography. Partially purified
Ec® produced runoff transcripts of the expected sizes (Fig. 1,
lanes 2 and 3). Some promoters are transcribed by both EcF
and Ec¥ (8, 16, 24), presumably because both forms of RNA
polymerase recognize some similar sequences in promoters
(5). To demonstrate that o can direct transcription from the
spoVD promoter and to test whether ¢ can too, gel-purified
o® and o® were reconstituted with core RNA polymerase as
described previously (14) and used to transcribe a spoVD tem-
plate. Only Eo%, not Ec¥, produced a runoff transcript (Fig. 1,
lanes 5 and 6). A control experiment showed that the recon-
stituted Ec™ was active because a strong signal was produced
from a template containing the o®-dependent cotD promoter
(lane 7). We concluded that spoVD is transcribed by Eo®.
Since Eo* is active only in the mother cell compartment during
sporulation (4, 10, 17), expression of spoVD is expected to be
mother cell specific. This is consistent with the results of a



VoL. 179, 1997

1234 6

5 7
<«
> - -

FIG. 1. In vitro transcription of spoVD by Ec® and effect of SpollID.
pSG1362 (2 pg), containing the spoV’D promoter (3), was digested with EcoRI
(lanes 1 and 2, 117-base transcript) or Xhol (lanes 3 and 4, 150-base transcript)
and transcribed in a total volume of 42 ul with Ec® (0.2 pg) alone (lanes 2 and
3) or with 0.1 g of gel-purified SpoIIID added (lanes 1 and 4). pSG1362 (2 pg)
was digested with EcoRI and transcribed with reconstituted Ec® (lane 5) or with
reconstituted Ec® (lane 6). pLRK100 (2 pg) containing the corD promoter (14)
was digested with HindIII (225-bp transcript) and transcribed with reconstituted
EcX (lane 7). Arrowheads denote the positions of runoff transcripts of the
expected sizes, as judged from the migration of end-labeled DNA fragments of
Mspl-digested pPBR322.

genetic experiment showing that expression of spolV’D only in
the mother cell is sufficient to allow sporulation (3).

The ability to transcribe spoVD in vitro with Ec allowed us
to test whether SpollID can directly affect spoVD transcrip-
tion. The twofold overexpression of spoVD-lacZ in spollID
mutant cells suggested that SpolIID might repress transcrip-
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tion of spoVD (3). Addition of SpolIID to the in vitro tran-
scription reaction abolished the spoVD signal (Fig. 1, lanes 1
and 4). This was not due to general inhibition of transcription
by SpollID, because the same preparation of SpollID acti-
vated transcription of sigk by EcF (data not shown), as re-
ported previously (8). We concluded that SpolIIID can specif-
ically repress spoVD transcription by Ec® in vitro.

The spollID gene is transcribed by Eo® (13, 15, 22, 23), yet
SpollID represses transcription of spoV’D (Fig. 1) and some
other o®-dependent genes. Thus, SpollID limits the expres-
sion of some genes in its own regulon. Other genes in the oF
regulon that are repressed by SpollID include bof4, as dem-
onstrated in vivo (12) and in vitro (8), and probably the spolll4
operon, as implied by in vivo data (11). Another possible
SpollID-repressed operon in the o® regulon is spolVF, based
on the observation that a spolVF-lacZ fusion is overexpressed
in spolIID mutant cells (2) and the fact that three near-perfect
matches to the SpolIID binding site consensus sequence (8)
can be found in the spoIVF promoter. Perhaps SpollID helps
confine the expression of some genes in the oF regulon to a
physiologically relevant level or time period. Consistent with
this notion, in spollID mutant cells, the products of spolVF
overaccumulate and SpoIVFA is mislocalized (20).

SpollID binds to two sites in the spoVD promoter region.
Gel retardation assays indicated that SpolIID binds to DNA
fragments containing the spoVD promoter region (data not
shown). To localize the binding sites of SpolIIID in this pro-
moter more precisely, DNase I protection experiments were
performed as described previously (8). Radioactive DNA
probes, labeled separately on the nontranscribed or tran-
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FIG. 2. SpollID footprints in the spoVD promoter region. Radioactive DNA fragments separately end labeled on the nontranscribed (A) or transcribed (B) strand
were incubated in separate reactions with a carrier protein (bovine serum albumin, 21 wg) only (lane 1) or with 0.025 (lane 2), 0.05 (lane 3), 0.1 (lane 4), or 0.2 (lane
5) g of gel-purified SpolIID in addition to the carrier protein and then subjected to DNase I footprinting in a total volume of 42 pl. Arrowheads denote the boundaries
of protection by SpollID, and numbers to the left refer to positions relative to the TSS (3). Stars indicate enhanced cleavage by DNase I upon SpolIID binding.
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FIG. 3. Position of SpolIID binding sites in the spol’D promoter region and
alignment of sequences within these sites with the consensus sequence for
SpollIID binding. (A) The nucleotide sequence of the spoVD promoter region is
aligned with respect to conserved nucleotides found in the —10 and —35 regions
of promoters transcribed by EoF (21), shown at the top (k means G or T, and m
means A or C). Nucleotides in the spoV’D promoter that match the consensus are
shown as boldface capital letters. Overlining and underlining indicate regions on
the nontranscribed and transcribed strands, respectively, protected by SpolIlID
from digestion with DNase I (Fig. 2). The dashed portion of the line indicates a
region of uncertain protection due to a lack of DNase I digestion in this region.
(B) Nucleotide sequences within the SpolIID-protected regions of the spoVD
promoter are aligned with respect to the consensus sequence for SpolIID bind-
ing (8), shown at the top (W means A or T, R means purine, and Y means
pyrimidine). Numbers refer to positions relative to the TSS. Note that the
sequence shown for the binding site between —20 and —29 is from the strand
opposite that shown in panel A. Nucleotides that match the consensus are shown
as boldface capital letters.

scribed strand, were prepared as follows. pSG1362 (3) was
digested with HindIII, which cleaves in the multiple cloning
site downstream of the spolV’D promoter, and labeled either at
the 3’ end by the Klenow enzyme fill-in reaction and
[«-**P]dATP or at the 5’ end by treatment with alkaline phos-
phatase followed by T4 polynucleotide kinase and [y-**P]ATP.
In both cases, the labeled DNA was digested with Sacl, which
cleaves upstream of the spoV’D promoter, to produce a 340-bp
fragment that was purified by elution from an 8% polyacryl-
amide gel. The purified DNA fragments were incubated with
different amounts of SpollID and then mildly digested with
DNase I. After DNase I treatment, the partially digested
DNAs were electrophoresed in 6% polyacrylamide gels con-
taining 8 M urea alongside a sequencing ladder generated by
subjecting the appropriate end-labeled DNA to the chemical
cleavage reactions of Maxam and Gilbert as described previ-
ously (19). Figure 2 shows that SpolIIID protected two regions
of the spoVD promoter from DNase I digestion. Site 1 spanned
positions —33 to —15 on the nontranscribed strand (Fig. 2A)
and —33 to —21 on the transcribed strand (Fig. 2B), while
protection in site 2 spanned positions —9 to +8 on the non-
transcribed strand (Fig. 2A) and —12 to +7 on the transcribed
strand (Fig. 2B). The results of DNase I protection experi-
ments are summarized in Fig. 3A. Greater than half-maximal
protection of both sites 1 and 2 was achieved at a 50 nM
concentration of SpollIID (Fig. 2A and B, lanes 2), putting the
two sites into the group of strong SpollIID binding sites along
with sites 1 and 2 of bofA, site 1 of spolVCA, sites 2 and 3 of
cotD, and site 2 of sigK (8). Since we estimated from Western
blot experiments that the SpollID concentration reaches the 1
wM range in sporulating cells (data not shown), it seems likely
that SpolIID occupies sites 1 and 2 in the spoV’D promoter in
vivo and accounts for the twofold lower expression of spoVD-
lacZ in wild-type cells than in spolIID mutant cells (3).

By aligning the nucleotide sequences of known SpollID
binding sites, a consensus sequence, WWRRACAR-Y (where
Wis A or T, R is purine, and Y is pyrimidine), was found (8).
SpolIID binding site 1 in the spolV’D promoter region contains
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a perfect match to the consensus sequence, while binding site
2 contains a sequence with just one mismatch (Fig. 3B). While
many strong SpollID binding sites exhibit a second good
match to the consensus sequence in inverted orientation rela-
tive to the best match (8), no such second match is found in
either of the two protected regions in the spoV’D promoter.

Of the two SpollID binding sites mapped in the spoVD
promoter region, one overlaps the —35 region and the other
encompasses the —10 region and the TSS. Hence, SpollID
binding to either site is likely to interfere with promoter rec-
ognition by EoF, explaining the strong repressive effect of
SpoIIID on spoVD transcription in vitro (Fig. 1). A previous
study showed that SpollID binding in the —35 region of the
cotD promoter is sufficient to mediate repression (8). Also, the
SpoIIID-repressed bofA promoter has a SpollID-binding site
encompassing the —10 region and the TSS, although it was not
determined whether a second SpollID-binding site located at
+54 to +74 is needed for repression (8). Mutational analysis of
the spoVD promoter region should permit dissection of
whether the two SpolIID binding sites function in an additive,
cooFPerative, or redundant fashion to repress transcription by
Eo™.
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