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RNA polymerase sigma factor ¢* initiates the prespore-specific program of gene expression during Bacillus
subtilis sporulation. ¢* governs transcription of spolIIG, encoding the late prespore-specific regulator o,
However, transcription of spolIlG is delayed relative to other genes under the control of *, and after synthesis,
o€ is initially kept in an inactive form. Activation of o© requires the complete engulfment of the prespore by
the mother cell and expression of the spolll4 and spolll] loci. We screened for random mutations in spolllIG
that bypassed the requirement for spolIlA for the activation of . We found a mutation (spoIIIGE156K) that
resulted in an amino acid substitution at position 156, which is adjacent to the position of a mutation (E155K)
previously shown to prevent interaction of SpoIIAB with ¢®. Comparative modelling techniques and in vivo
studies suggested that the spollIGE156K mutation interferes with the interaction of SpolIAB with o€, The
o CF15K jsoform restored oC-directed gene expression to spolll4 mutant cells. However, expression of sspE-
lacZ in the spolllA spollIGE156K double mutant was delayed relative to completion of the engulfment process
and was not confined to the prespore. Rather, 3-galactosidase accumulated throughout the entire cell at late
times in development. This suggests that the activity of ®*'*°¥ is still regulated in the prespore of a spoIlIA
mutant, but not by SpoIIAB. In agreement with this suggestion, we also found that expression of spollIGE156K
from the promoter for the early prespore-specific gene spolIQ still resulted in sspE-lacZ induction at the normal
time during sporulation, coincidently with completion of the engulfment process. In contrast, transcription of
spollIGE156K, but not of the wild-type spollIG gene, from the mother cell-specific spolID promoter permitted
the rapid induction of sspE-lacZ expression. Together, the results suggest that SpolIAB is either redundant or

has no role in the regulation of ¢ in the prespore.

Gene expression in the prespore and mother cell chambers
of sporulating Bacillus subtilis is controlled by RNA polymer-
ase sigma subunits whose activity is restricted to a specific cell
type (22, 31, 37, 46). The activation of the sporulation-specific
sigma factors is tightly coupled to the completion of key mor-
phological intermediates in the process and also relies on sig-
naling pathways that operate between the two cell types and
that keep the prespore and mother cell lines of gene expression
in close register (22, 31, 37, 46). Soon after the asymmetric
division of the sporangial cell, an event that creates the pres-
pore and the much larger mother cell, the first compartment-
specific sigma factor oF becomes active in the prespore (22, 31,
37, 46). oF triggers the activation of oF in the mother cell,
which together with oF drive the migration of the septal mem-
branes around the prespore. This process is termed engulfment
and results in the formation of a protoplast isolated from the
external medium, fully encircled by the mother cell cytoplasm
(22, 31, 37, 46). After engulfment, o¥ is replaced by o, which
controls late stages of development in this compartment and
which also triggers the activation of the late mother cell-spe-
cific regulator o® (22, 31, 37, 46). The activities of both ¢ and
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o® are required for the assembly of the protective layers that
encase the mature spore (22, 31, 37, 46).

Synthesis of ™ occurs in the predivisional cell, but its activation
is restricted to the prespore by the action of three regulatory
proteins, SpolIAA, SpolIAB, and SpollE. SpolIAB is an anti-
sigma factor that binds to 0" as a dimer, preventing its association
with RNA polymerase, whereas SpolIAA is an anti-anti-sigma
factor that in an unphosphorylated state interacts with SpolIAB
and releases oF from the SpollAB-¢* complex (1, 2; reviewed in
references 31 and 37). SpollE is a septum-bound phosphatase
that is also produced in the predivisional cell that promotes the
preferential dephosphorylation of SpolIAA-P in the prespore
(reviewed in references 31 and 37).

The transcriptional activity of o™ can be divided into an early
phase and a late phase. Transcription of the spollIG gene
(encoding o) is induced as part of the late phase, towards the
end of the engulfment process (29). After synthesis, © does
not become active until the engulfment process is complete
(29). Once activated and since o efficiently recognizes its own
promoter, its cellular levels increase rapidly, allowing for the
deployment of the o© regulon (17, 47). Because of this auto-
regulation, both the late transcription of spollIG and the neg-
ative regulation of 0 appear to ensure that its transcriptional
activity is effectively coupled to completion of the engulfment
process and does not occur prematurely or ectopically (31, 37,
45). The tight coupling of ¢© activation to the conclusion of the
engulfment sequence may serve to ensure that biogenesis of
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the spore integuments is not initiated during movement of the
engulfment membranes (31, 37, 45, 46).

Conclusion of the engulfment process is not sufficient for the
activation of o, which further requires expression of several
genes, including the eight cistrons of the spolll4 operon and the
spolll] gene (6, 19, 34). ¢ accumulates in spolllIA or spolll]
mutant cells but is unable to activate transcription from its target
promoters (19, 41). The spolllA operon encodes several putative
membrane proteins and is expressed in the mother cell under the
direction of o® (15). The spolllJ gene is expressed during vege-
tative growth and encodes a membrane protein translocase of the
YidC/Oxapl family (6, 27, 48). Despite the fact that its product
may accumulate in both the prespore and the mother cell (6, 27),
expression of spolllJ in the prespore is sufficient for the activation
of 0 and sporulation (41).

Two negative regulators of ¢ are known, the anti-sigma
factor SpolIAB and the LonA protease (3, 8, 19, 21, 35, 40).
Expression of spollIG prior to the asymmetric division of the
sporangial cell blocks sporulation, a phenotype that can be sup-
pressed by a multicopy allele of spolIAB (21), and certain point
mutations in spolIAB result in expression of o°-dependent genes
under conditions that do not support efficient sporulation (8, 35).
Moreover, SpolIAB binds to o in vitro under conditions that
also promote binding of SpolIAB to o (19), and the structure of
a dimer of Bacillus stearothermophilus SpolIAB in complex with
o* shows that most of the residues involved in the interaction are
conserved in o, but not in other sigma factors (2).

While it seems clear that SpollAB can regulate o under
nonsporulation conditions or in the predivisional cell at the
onset of sporulation, the evidence for a role in the control of
o in the prespore is less clear (3, 8, 19, 21, 35). On the one
hand, SpolIAB seems to disappear from the prespore coinci-
dently with the first manifestations of o activity, but it persists
in the prespore of a spolll4 mutant (21). In addition, produc-
tion of a form of ¢ (¢“F'>°¥) that is not efficiently bound by
SpollAB in vitro allows expression of the o®-controlled sspE
gene in spolllA or spolll] mutants, suggesting that the expres-
sion of both loci is required to antagonize the inhibitory action
of SpolIAB upon o (19, 41). However, expression of sspE in
spollIGE155K cells bearing mutations in either spolll4 or
spolllJ does not occur prematurely, suggesting that the activity
of ¢@F159K s still regulated in the double mutants (19, 41).
Also, there seems to be very little, if any, free SpolIAB in the
prespore (28), and the anti-sigma factor would have to be able
to negatively regulate 0 at a time when SpolIAB itself is
antagonized by the anti-anti-sigma SpolIAA in order to re-
lease active o (reviewed in references 31 and 37). Since the
interaction of SpollAB with ¢ appears to be very similar to
the interaction of SpolIAB with ¥ (7), it seems unlikely that
at least prior to completion of the engulfment process, Spol-
IAB decisively contributes to the regulation of ¢©. Mutations
in lonA, coding for the ATP-dependent LonA protease, also
result in 0@ activity under nonsporulation conditions, and re-
sult in some expression of sspE-lacZ in cells of a spollIA mu-
tant during sporulation (40).

Here we have analyzed the role SpolIAB plays in the regu-
lation of ¢ in sporulating cells. We screened for mutations in
spolllG that allowed expression of the oS-controlled sspE-lacZ
fusion in a spolll4 background and found a single mutation
that converted a glutamate at position 156 of o€ to a lysine.
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However, we found that expression of sspE-lacZ in a
spollIGE156K spolllA double mutant was delayed relative to
the completion of the engulfment process and was not confined
to the prespore. Rather, B-galactosidase accumulated through-
out the whole cell at late times of sporulation. We also forced
the early expression of spoll[IGE156K in the prespore from the
spolIQ promoter and found no premature induction of sspE-
lacZ expression. In contrast, expression of spollIGE156K in
the mother cell readily results in sspE-lacZ expression. The
results suggest that the activity of o is regulated in the pres-
pore compartment by a SpolIAB-independent mechanism and
that SpolIAB is either redundant or plays only a minor role.

MATERIALS AND METHODS

Bacterial strains and general methods. The B. subtilis strains used in this work
(listed in Table 1) are congenic derivatives of the Spo™ strain MB24 (1pC2 metC3)
(14). Luria-Bertani (LB) medium was used for the maintenance of Escherichia coli
DH5a (Bethesda Research Laboratories) and B. subtilis. Sporulation was induced in
Difco sporulation medium (DSM) and assessed as described previously (13). All
other general methods were performed as described previously (13).

Structure of a complex between B. subtilis SpolIAB and o€ by comparative
modelling techniques. The structure of the SpolIAB-cF complex from B. stearo-
thermophilus (Protein Data Bank code 1LO0) (2) was used here to derive, by
comparative modelling techniques, the SpolIAB-cF and SpolIAB-¢ complexes
from B. subtilis (25, 39). The structure of the SpollAB-¢* complex from B.
stearothermophilus (Protein Data Bank code 1L0O0) (2) was used here to derive
the SpolIAB-o" and SpollAB-0© complexes from B. subtilis. The structure of
SpolIAB from B. subtilis can be modelled on the basis of SpollAB from B.
stearothermophilus, because the two sequences present 75% identity and 90%
similarity and only five residues at the C terminus cannot be aligned (25, 39). The
structure of the SpollAB-¢* complex from B. stearothermophilus contains infor-
mation for only part of ¥ (from residues 104 to 160), and modelling of the sigma
factors was restricted to the residues that are homologous to this segment. For B.
subtilis o, this segment presents 84% identity and 88% similarity to o from B.
stearothermophilus, which also suggests that a very good model will be obtained.
In contrast, B. subtilis ¢ shows 30% identity and 63% similarity with ¥ from B.
stearothermophilus. The SpollAB-¢* from B. stearothermophilus has a bound
ADP molecule that was not modelled, because no contacts are made between
this region and the sigma factor. Modeller (38) version 6.1 was used for all
comparative modelling tasks. Sequences for both proteins in the complex were
simultaneously aligned against the X-ray structure of SpolIAB-¢* from B. stearo-
thermophilus, and 20 models were generated using these alignments. The model
showing the lowest value of the objective function was chosen and analyzed using
PROCHECK (23). In the case of SpollAB-¢* from B. subtilis, the Ramachan-
dran plot showed 87.4% residues in most favored regions, 9.5% residues in
additional allowed regions, 2.5% in generously allowed regions, and 0.6% resi-
dues in disallowed regions. The residues in disallowed regions, Leu 103 and Arg
105, are homologous to residues in SpolIAB-¢* from B. stearothermophilus that
are also in disallowed regions. This region corresponds to the ADP binding site,
and the conformation of these two residues is the most probable one. In the case
of SpollIAB-¢€ from B. subtilis, we obtained 88.1% residues in most favored
regions, 8.5% residues in additional allowed regions, 3.1% in generously allowed
regions, and 0.3% is disallowed regions. In this case, only Arg 105 is in a
disallowed zone of the Ramachandran plot, and for the reasons stated above, its
conformation was considered the most probable.

Construction of an sspE-lacZ fusion. First, a 500-bp HindIII-to-HincII frag-
ment released from pUC12sspE (10) was inserted between the Smal and HindIII
sites of pBluescript SKII(+) (Stratagene, La Jolla, Calif.) to generate pAH225.
Next, Nhel- and EcoRI-digested pAH235 was mixed with the lacZ gene released
from pPP207 (49) by digestion with Spel and Mscl, and a neomycin resistance
(Nm") determinant was released from pBEST502 (16) with EcoRI and Smal.
Linearization of the resulting plasmid, pMS53, with Scal permitted integration of
the sspE-lacZ fusion into the sspE locus of strain MB24, producing strain
AH2321 (Table 1). The AsspE::sspE-lacZ allele in strain AH2321 is hereafter
abbreviated sspE-lacZ for simplicity (Table 1).

Construction of spoIlIG mutations. To create an in-frame deletion of the
spolllG gene, a 1.1-kb DNA fragment was first released from pSP72ITIG (19) by
digestion with BglIl and Sall and inserted between the Bglll and Xhol sites of
pLitmus 28 (New England Biolabs, Beverly, Mass.) to yield pAH220, which then
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TABLE 1. B. subtilis strains used in this study

Strain Relevant genotype” Origin
MB24 trpC2 metC3 Laboratory stock (14)
AH62 trpC2 metC3 spolllA::Tn917QHU24 Laboratory stock (19)
AH1043 trpC2 metC3 AamyE::spolllG-gusA This work
AH1842 trpC2 metC3 AamyE::spolllG This work
AH1843 trpC2 metC3 AspolllG::cat AamyE::spolllG This work
AH1870 trpC2 metC3 AspolllG::cat This work
AH2321 trpC2 metC3 AsspE::sspE-lacZ This work
AH2452 trpC2 metC3 AspolllG AsspE::sspE-lacZ This work
AH2456 trpC2 metC3 AspolllG AsspE::sspE-lacZ spolllA::Tn917QHU24 This work
AH2460 trpC2 metC3 AspolllG AsspE::sspE-lacZ AamyE::P,,,;,-spolllG This work
AH2461 trpC2 metC3 AspolllG AsspE::sspE-lacZ AamyE::P,,;;,-spolIGE156K This work
AH2462 trpC2 metC3 AspolllG AsspE::sspE-lacZ AlonA::cat This work
AH2463 trpC2 metC3 AspolllG AsspE::sspE-lacZ AlonA::cat AamyE::P,,,;p-spolllG This work
AH2464 trpC2 metC3 AlonA::cat Laboratory stock (40)
AH2465 trpC2 metC3 AspolllG AsspE::sspE-lacZ AlonA::cat AamyE::P,,,;p-spollIGE156K This work
AH2490 trpC2 metC3 AspolllG AsspE::sspE-lacZ AamyE::P,,,-spolllG This work
AH2491 trpC2 metC3 AspolllG AsspE::sspE-lacZ AamyE::P,, -spollIGE156K This work
AH2492 trpC2 metC3 AspolllG AsspE::sspE-lacZ AamyE::P,,,-spolllG AthrC::P,, -spolIAB This work
AH2493 trpC2 metC3 AspolllG AsspE::sspE-lacZ AamyE::P,, ,-spollIGE156K AthrC::P,,,-spolIAB This work
AH3786 trpC2 metC3 AspolllG AsspE::sspE-lacZ AamyE::spolllG This work
AH3787 trpC2 metC3 AspolllG AsspE::sspE-lacZ AamyE::spollIGE156K This work
AH3788 trpC2 metC3 AspolllG AsspE:sspE-lacZ AamyE::P,,,;o-spolllG This work
AH3789 trpC2 metC3 AspolllG AsspE::sspE-lacZ AamyE::P,,;;5-spolIGE156K This work
AH3790 trpC2 metC3 AspolllG AsspE::sspE-lacZ spolllA::Tn917QHU24 AamyE::spolllG This work
AH3791 trpC2 metC3 AspolllG AsspE::sspE-lacZ spolllA::Tn917QHU24 AamyE::spollIGE156K This work
AH3795 trpC2 AspolllG This work
ZB307 Prototrophic Laboratory stock (52)
“For simplicity, the spolllA:Tn917QHU24, AsspE:sspE-lacZ,  AamyE:Pg,,;p-spolllG, AamyE::P,,,;p-spollGE156K, ~ AamyE::P,,,;o-spolllG, and

AamyE::Py,,;0-spollIGE156K alleles are abbreviated spolllA::Tn917, sspE-lacZ, Py,o;p-spolllG, Py, p-spolllGE156K, Py, 10-spolllG, and Py, ;o-spolllG, respec-
tively. Note that the spollIGE156K allele under the control of its normal promoter or other promoters is always used at the amyE locus. Fusions of P, to spolllG
alleles at amyE or of Py,,. to spollAB at thrC are abbreviated P, 4-spolllG, P, 4-spollIGEI56K, or P,,,.-spolIAB, respectively.

served as a PCR template using primers spollIG-247R and spollIG-559D (Table 2).
The PCR template was first treated with Dpnl and then with PstI and last, it was
autoligated, yielding pMS124. Sequencing confirmed the in-frame deletion of
codons 13 to 130 of spollIG. Competent cells of strain MB24 were cotransformed
with pMS124 and chromosomal DNA from strain ZB307 (52), with selection for
methionine prototrophy. Spo~ congressants appeared at a frequency of about 3%.
One, shown by PCR to carry a deletion of the spollIG gene (referred to as AspollIG)
was named AH3795 (Table 1). Strain AH3795 was transformed with Scal-linearized
PMS33 (sspE-lacZ) to produce AH2452. Strain AH2452 was then transformed with

TABLE 2. Primers used in this study
Sequence (5'—=3")

Primer

spolllG-247R............. TTCATCCTGCAGTCTGCCTAAACAGC
spolllG-559D.. GGAGCCGACTGCAGAAGACATCGC
spolllG-392D.. GGGAAAAAAGATCTCGAGAAATAAAGTCG

spec-R...iiinnnne. TGTTTGGGAGGATGATTCCACGGTACC

spolllG-spollQ ......... GTTGCTGAGGTGATGAAACAGTGTCGAGAA
ATAAAGTCG

spolllG-spollD ......... CGAGCAGGAGGCAGCTGAATGTGTCGAGAA
ATAAAGTCG

spolllG-T761R............ CCCGGAGAGATCTTGAGACACGG

spolllG-2385R........... CCCGGAGTGGATCCTTGAGACACGG
spollQ-152D ... GTTTCAAAGCTGAATTCCAGGCAGCG
spollQ-500R .. TGTTTCATCACCTCAGCAACATTCTG

spolID-1D ... CGGAAGAATTCCGCCGTATGAATGG
spolID-500R ............ATTCAGCTGCCTCCTGCTCGGG

PyuD ... GATCAGCGATATCGAATTCATCCACTCC
PR GTGATTTCCCCCTTAAAAATAAATTC
PymspolllG ........... TTTATTTTTAAGGGGGAAATCACGTGTCGAG

AAATAAAGTCG
GAACAGCAGGATCCTGACACTGGGGG
CCTCCGCATGCATAACAAATCTCC

spollIAB-166D
spollIAB-665R

chromosomal DNA from strain AH62 (spolllA::Tn917QHU24, hereafter abbrevi-
ated to spolllA::Tn917) (Table 1) to create strain AH2456.

To create an insertion-deletion spollIG mutant, a 922-bp DNA fragment contain-
ing the spolllIG gene was first released from pSP72IIIG (19) by partial digestion with
EcoRI and HindIII and inserted between the EcoRI and HindIII sites of pLitmus 29
(New England Biolabs) to create pMS33. Next, a chloramphenicol resistance (Cm")
cassette was released from pMS38 (51) by digestion with Nsil and PstI and cloned
into PstI-digested pMS33 to yield pMS40. Strain AH1870 (Cm") in which disruption
of the spollIG gene by a double-crossover event was verified by PCR resulted from
the transformation of strain MB24 with pMS40 (Table 1).

Insertion of an intact copy of the spolllIG gene at amyE. A copy of the spollIG
gene was inserted at amyE in two steps. We first isolated a 427-bp HindIII-to-
BamHI fragment from pTK4 encompassing the spolIGB-spollIG intergenic re-
gion (20), which was introduced between the HindIIT and BamHI sites of the
amyE integrational vector pMLK83 (18), to create pAH235. Strain AH1043
(AmyE"/Nm") (Table 1) resulted from the transformation of strain MB24 with
Xbal-linearized pAH235. Then, a spectinomycin resistance (Sp*) cassette was
released from pAH256 (13) by digestion with Spel and Ncol and cloned between
the same sites of pMS33 (see above), yielding pMS37. Last, a fragment carrying
the Sp* determinant and the spollIG gene was released from pMS37 by digestion
with Smal and EcoRI and cloned between the EcoRI and Nrul sites of pDG364
(4). Transformation of AH1043 with the resulting plasmid, pMS45, created
AH1842 (Sp"/Nm* and Spo™) (Table 1), in which the presence of an intact
spolllG gene at amyE was verified by PCR. Transformation of strain AH1842
with chromosomal DNA from AHI870 (AspolllG::cat) produced AH1843
(AspolllG::cat AamyE::spollIG Sp") (Table 1).

Random mutagenesis of spollIG. Strain AH1843 (Table 1) was mutagenized
with N-methyl-N'-nitro-N-nitrosoguanidine essentially as described previously
(4). The mutagenesis was effective, as 1% of all colonies obtained from the
transformation of strain AH1870 (AspollIG::cat) (Table 1) with chromosomal
DNA from mutagenized AH1843 selecting for Sp" (which selects for the spollIG
copy at amyE) failed to complement the null mutation in the spollIG gene. In
order to select for 0 mutants that would bypass the need of the spolllA locus
for ¢© activity, chromosomal DNA from mutagenized AH1843 was used to
transform AH2456 (AspolllG spolllA:Tn917 sspE-lacZ [see above]) to Sp".
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Transformants that showed B-galactosidase activity on DSM plates supple-
mented with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) (dark
blue colonies) were selected and purified. The linkage between the Lac™ phe-
notype and the Sp" marker was verified by retransforming the screening strain
AH2456 with chromosomal DNA from the Lac* mutants (only mutants showing
100% linkage between the Lac* and Sp" traits or close to 100% linkage were
considered). One Lac" transformant (AH3791) was selected (Table 1), and the
spolllG gene present at amyE was sequenced after PCR amplification using
primers spollIG-392D and spec-R. Strain AH3791 was found to harbor a single-
nucleotide change (GAA to AAA) at codon 156 of the spollIG gene. A control
strain, AH3790, with the wild-type allele of spollIG at amyE, was constructed by
transformation of AH2456 (AspolllG spolllA::Tn917 sspE-lacZ [see above]) with
chromosomal DNA from AH1842. Strains AH3786 and AH3787 were con-
structed by transformation of AH2452 (AspolllG sspE-lacZ [see above]) with
chromosomal DNA from AH1842 and AH3791, respectively.

Fusion of the xyl4 promoter to the spollIG gene. Initially, the 5" end of the
spollIG gene and the xylA promoter region (from positions —256 to —1 relative
to the transcriptional start site) were amplified separately, from chromosomal
DNA of B. subtilis MB24. Primers P, ;-spollIG and spollIG-2385R were used
for the spolllG gene, and primers P,,,4D and P,,,4R were used for the xyl4 gene
(Table 2). The 370-bp spollIG fragment was mixed with the 256-bp xylA frag-
ment, and the resulting fragment of 619 bp was amplified using primers P,,,,D
and spolllG-2385R. The P, 4-spolllG fragment was digested with EcoRI and
BamHI and ligated to similarly cut pDG364 (4), to yield pMS237. Strains
AH3786 and AH3787 (Table 1) were transformed with BamHI-linearized
pMS237, selecting for Cm"/Sp" cells, to yield strains AH2490 and AH2491, which
carry a fusion of the xylose-inducible P,,, promoter to the spollIG and
spollIGE156K alleles at amyE, respectively (abbreviated to P,y,4-spollIG and
P4-spollIGE 156K, respectively) (Table 1).

Fusion of the spac promoter to the spolIAB gene. The spollAB gene was PCR
amplified from the chromosomal DNA of strain MB24, using primers spolIAB-166D
and spollAB-665R (Table 2). The 499-bp spolIAB fragment was digested with
BamHI and Spel and introduced between the BgIII and Spel sites of pDHSS8 (12),
to yield pMS236. Next, a 2,189-bp EcoRI-to-BamHI fragment released from
PpMS236 was inserted between the same sites of pDG1664 (9), to generate pMS238.
Strains AH2490 and AH2491 (Table 1) were transformed with Xhol-linearized
pMS238 selecting for erythromycin resistance (Er"), to yield AH2492 and AH2493,
respectively, which carry a fusion of the P,,,. promoter to spolIAB inserted at the
thrC locus (AthrC::Py,, ~spolIAB, abbreviated to Py,,.-spollAB) (Table 1).

Fusions of spolllG to different sporulation promoters. Fusions of spollIG to
the spollIQ and to the spolID promoters were constructed as follows. Initially, the
5" end of the spollIG gene and its promoter region were amplified separately
from chromosomal DNA of a wild-type B. subtilis strain. The following primers
were used (Table 2): for spolllG, spolllG-spollQ, and spolllG-spolID, primers
spolllG-761R and spollIG-2385R; for spollQ, primers spollQ-152D and spollQ-
500R; for spolID, primers spolID-1D and spolID-500R. The 370-bp spolllG
fragment was mixed with the 350-bp spollIQ fragment or with the 500-bp spolID
fragment, and the resulting fragments of 720 and 870 bp were amplified using
primers  spollQ-152D and spollIG-761R  for Pg,,;o-spolllG or primers
spolID-1D and spolllG-2385R for Py, ;;p-spolllG. The Py, ;,o-spolllG fragment
was digested with EcoRI and BglII and ligated to pDG364 (4) digested with
EcoRI and BamHI to yield pMS134. The P,,,;;p-spolllG fragment was digested
with EcoRI and BamHI and ligated to similarly cut pDG364 (4) to yield pMS162.
Strain AH3786 (Table 1) was transformed with pMS134 or pMS162 selecting for
Cm'/Sp" cells, to yield AH3788 and AH2460, respectively. AH3787 (Table 1) was
also transformed with pMS134 and pMS162 to yield the Cm"/Sp" strains AH3789
and AH2461, respectively. Fusion of the spollIG gene to the spollQ promoter
and to the spolID promoter by a double-crossover event at amyE was verified by
PCR; the fusion alleles are abbreviated to Py,,;;0-spolllG and Py, ;;p-spolllG.
Strain AH2462 was constructed by transformation of AH2452 (AspolllG sspE-
lacZ [see above]) with DNA from AH2464 (AlonA::cat) (Table 1). Last, AH2462
was transformed with chromosomal DNA from AH2460 or AH2461 to produce
AH2463 and AH2465, respectively (Table 1).

Immunoblotting. B. subtilis whole-cell lysates were prepared and Western blot
analysis was performed as described previously (41).

B-Galactosidase assays. B-Galactosidase activity was assayed with the sub-
strate o-nitrophenol-B-p-galactopyranoside (ONPG), and enzyme activity was
expressed in Miller units as described previously (13).

Fluorescence microscopy. Immunofluorescence microscopy was conducted es-
sentially as described previously (11, 33) except that a non-cross-linking fixative,
Histochoice (Amresco, Solon, Ohio) was used. Immunolabeling was performed
with rabbit polyclonal antibodies against B-galactosidase (Eppendorf-5 Prime,
Inc., Boulder, Colo.) at a 1:1,000 dilution. A secondary antibody conjugated to
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Alexa Fluor 488 (Molecular Probes, Eugene, Oreg.) was used at a 1:500 dilution.
To assess the completion of the engulfment process (morphological stage IIT of
sporulation) (31), samples (0.5 ml) of DSM cultures were collected throughout
sporulation and resuspended in the same volume of phosphate-buffered saline (8
mM sodium phosphate [pH 7.5], 150 mM NaCl) supplemented with FM-4-64 (5
pg/ml), 4’,6-diaminodino-2-phenylindole (DAPI) (0.2 wg/ml), and Mitotracker
green FM (MTG) (15 pg/ml) (44). Cells were scored as having reached stage II1
when the membrane-impermeable stain FM4-64 (but not MTG) was excluded
from the prespore membrane (44). In immunofluorescence experiments, the
pattern of nucleoid staining with DAPI was used as an indication of the sporu-
lation stage: just after formation of the asymmetric septum, the prespore nucle-
oid appears highly condensed, whereas soon after conclusion of the engulfment
process, the mother cell and prespore nucleoids appear equally condensed (11,
43). Samples were observed in a Leica fluorescence microscope (DMRA2) using
Leica filters A4, LS, and N3. All samples were observed with a 63x objective lens.
Images were acquired with a Cool Snap HQ camera (Roper Scientific, Tucson,
Ariz.) and recorded and processed for publication using Adobe Photoshop.

RESULTS

Isolation and characterization of the spollIGE156K allele.
To analyze the mechanism by which o is kept inactive in cells
of a spollIA mutant, we sought random mutations in spollIG at
amyE that bypassed the requirement for spolIlA for expression
of the o°-controlled sspE-lacZ fusion (26) (see Materials and
Methods). We isolated one Lac* mutant called AH3791 (Ta-
ble 1) upon transformation of B. subtilis strain AH2456
(AspollIG spolllA::Tn917 sspE-lacZ) with DNA from strain
AH1843 mutagenized by N-methyl-N'-nitro-N-nitrosoguani-
dine (Table 1). Strain AH3791 harbored a single-nucleotide
change (GAA to AAA) at codon 156 of the spollIG gene at
amyE causing the replacement of a glutamic acid for a lysine.
This allele of spolllG was designated spollIGE156K. Strains
bearing a wild-type spolllIG gene (AH3786) or the
spollIGE156K allele (AH3787) at amyE in a spolllG mutant
background (AspolllG sspE-lacZ) are Spo™ (Table 3). There-
fore, the spollIGE156K allele fully restored sporulation to a
spollIG null mutant.

Expression of sspE-lacZ in B. subtilis strains AH3786 and
AH3787 was induced around 4 h after the onset of sporulation
(Fig. 1), as in a Spo™ strain expressing the wild-type spolllG
allele at its normal position (26; also data not shown), and
reached maximum levels around 6 h after sporulation had
started. As expected, expression of sspE-lacZ in strain AH3790
(AspolllG spollIA::Tn917 sspE-lacZ AamyE::spolllG) was se-
verely impaired (19). However, in the congenic strain AH3791,
which bears the spoll[IGE156K allele at amyE, expression of sspE-
lacZ was restored (Fig. 1). Nevertheless, while in the spollIA*
strain AH3787, expression of sspE-lacZ was strongly induced
around 4 h after the onset of sporulation, in the spollI4 mutant
strain AH3791 (spollIGE156K), B-galactosidase accumulated at a
reduced rate between 4 and 6 h after the onset of sporulation and
reached maximum levels only around 10 h after sporulation had
started (Fig. 1). Also, even though the spollIGE156K allele re-
stores o activity to spollIA cells, strain AH3791 was still unable
to sporulate (Table 3). We also found that the spollIGE156K
allele restored sspE-lacZ expression (but not sporulation) to a
AspolIlJ::km mutant (data not shown).

To investigate whether the increased activity of o in
Spo™ cells or in the spolllA mutant relative to wild-type o©
could be attributed to its increased accumulation, we com-
pared the levels of 0 and o°F'*°¥ throughout sporulation by
immunoblot analysis using a previously described anti-o© an-

GE156K
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TABLE 3. Sporulation of six B. subtilis strains

Sporulation®

Strain Relevant genotype Heat- % Sporulation
Viable cells resistant
cells
AH3786 spolllG Pg,,i;G-spolllG 6.9 X 10® 5.0 x 108 72.5
AH3787 spolllG Pg,,;6-spollIGE156K 5.0 x 108 3.8 X 108 76.0
AH3788 spolllG Py, ,;10-spolllG 5.0 x 108 4.8 x 108 96.0
AH3789 spolllG Pg,,;;o-spollIGE156K 1.5 x 10® 6.0 X 107 40.0
AH3790 spolllG spolllA P, ,;;6-spolllG 1.4 x 108 3.0 X 10* 0.02
AH3791 spolllG spollIA P, 1;-spollIGE156K 1.1 x 108 1.0 X 10* 0.01

“ The extent of sporulation was measured 24 h after the onset of the process in liquid sporulation medium as described in Materials and Methods.

tibody (41). We found that in agreement with the timing of
sspE-lacZ expression, o or o®F1°°K reached peak levels
around 4 h after the onset of sporulation in Spo™ cells (Fig. 2A
and B). In a spolllA background, the accumulation of the
wild-type form of ¢ was delayed, reaching maximum levels
around 6 h after the start of sporulation (Fig. 2C). In
spolllA::Tn917 spollIGE156K cells (AH3791), ¢SE17K is de-
tected only from 5 h on, and its accumulation reaches a max-
imum around 8 h after the onset of sporulation (Fig. 2D). The
late accumulation of oSF'*°¥ in the spolll4 mutant suggests
that some “F°°F (but not wild-type o) escapes inhibition
late in sporulation and then amplifies its own synthesis. This
late accumulation of o%EK in  the spolllA::Tn917
spollIGE156K double mutant correlates with the late expres-
sion of sspE-lacZ (Fig. 1). Note that under our electrophoretic

B-galactosidase activity (Miller units)

L
0 2 6 8 10 12
Time (h) after T,

FIG. 1. The spollIGE156K allele bypasses the need for spolllA
expression for o€ activity. Expression of sspE-lacZ was monitored
during sporulation in B. subtilis strains AH3786 (AspolllG sspE-lacZ
AamyE:spolllG) (wild-type spollIG in a wild-type background)
(closed circles), AH3787 (AspolllG sspE-lacZ AamyE::spollIGE156K)
(open circles), AH3790 (AspolllG  sspE-lacZ  spolllA::Tn917
AamyE::spolllG) (wt) (open squares), and AH3791 (AspollIG sspE-
lacZ spolllA::Tn917 AamyE::spolllGE156K) (closed squares). The
complete relevant genotypes of the strains are given in Table 1. Strains
were grown in DSM, and samples were taken at the indicated times (in
hours) after the onset of sporulation (T,) and assayed for B-galacto-
sidase activity. Endogenous levels of B-galactosidase activity were de-
termined in the wild-type strain MB24 (closed triangles). B-Galacto-
sidase activity is given in Miller units (see Materials and Methods).

conditions, the c“=!3°K form migrates slightly faster than wild-
type ¢© (compare the mobility of o and o®F°¥ relative to a
background band labeled with an asterisk seen in a sample
from a spollIG deletion mutant [Fig. 2A and B, for example]).
The levels of 0SF19°% do not appear to be higher than those of
wild-type o in either spollIA™" or spollIA mutant cells (Fig. 2,
compare panels A and B and panels C and D). Thus, the
difference in expression of sspE-lacZ in spollIGE156K strains
AH3787 (spollIA™) and AH3791 (spollIA mutant) relative to
congenic strains expressing a wild-type spollIG gene at the
amyE locus cannot be explained by an increase in the synthesis
or stability of o©. Rather, it may reflect increased activity of
the sigma factor. In the case of AH3791 (spolllA::Tn917
spollIGE156K), the increased activity of ¢“'7° is manifested
only at a late time in development.

The E156K mutation is likely to interfere with the interac-
tion between SpolIAB and &°. Like spollIGE156K, a previ-
ously described allele of spollIG bearing a glutamate-to-lysine
substitution at position 155 (spolIIGE155K) allows expression
of sspE-lacZ in cells with the mutant spolllA or spolll] gene
(19, 41). The E155K substitution was introduced in o, be-
cause a glutamic acid-to-lysine substitution at an equivalent
position of o (E149K) was found in a genetic screen for o©
mutants with reduced affinity for SpoIIAB (5). Moreover, un-
der conditions in vitro that promote binding of SpolIAB to oF,
the anti-sigma factor also binds to ¢, but not to ¢“='>>% (19).

The binding of SpolIAB to ¢" or ¢ can now be described
in molecular terms, using the crystal structure (2) of the Spol-
IAB-c" complex from B. stearothermophilus and the compar-
ative models for the SpollAB-¢* and SpolIAB-¢© complexes
from B. subtilis derived here. These structures show that in B.
stearothermophilus o, the residue (E147) equivalent to E149 in
the ¢* protein of B. subtilis, as well as three other residues found
in genetic screens for mutants resistant to inhibition by SpollIAB
are located within a region that contains 17 amino acids (in B.
stearothermophilus) found to interact with SpolIAB (2, 5) (Fig. 3A
to C). Of the amino acids, 15 are either identical or homologous
in ¢° (compare Fig. 3, panels C and F) and 3 are uniquely
conserved between ¢ and o© (2; also data not shown).

The nature of the E155K and E156K mutations in 0 from
B. subtilis can be qualitatively understood by examination of
the model for the SpollAB-0“ complex (Fig. 3D to F). The
model shows that residue E155 of o interacts with S17 in one
of the SpolIAB molecules present in the dimer (Fig. 3D to F
and insert), a contact that is also conserved in the SpollAB-o*
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FIG. 2. Immunoblot analysis of ¢ accumulation during sporula-
tion. ¢ accumulation in B. subtilis strains AH3786 (AspollIG sspE-
lacZ AamyE::spollIG) (wild-type spollIG in a wild-type background)
(A), AH3787 (AspolllG sspE-lacZ AamyE:spollIGE156K) (B),
AH3790 (AspolllG sspE-lacZ spolllA::Tn917 AamyE::spolllG) (wt)
(C), AH3791 (AspolllG  sspE-lacZ  spolllA::Tn917  AamyE::
spollIGEI56K) (D), AH3788 (AspolllG sspE-lacZ P,,;;o-spolllG)
(wt) (E), and AH3789 (AspolllG sspE-lacZ P,,;;5-spollIGE156K)
(F) during sporulation in DSM was examined by immunoblot analysis.
The complete relevant genotypes of strains are given in Table 1. Sam-
ples from sporulating cultures were collected 1 h after the onset of
sporulation in DSM and at hourly intervals thereafter, as indicated by
the numbers above the lanes. Proteins (30 pg) in each sample were
subjected to immunoblot analysis using an anti-c© rabbit polyclonal
antibody (see Materials and Methods). Lanes A IIIG in panels A, B, E,
and F contain 30-pg portions of an extract prepared from a spollIG
deletion mutant (AH3795 [Table 1]) 4 h after the onset of sporulation
in DSM (note that the spollIG deletion control was not included in
panels C and D due to space limitations). The position of o is
indicated by an arrowhead. Other bands represent nonspecific cross-
reactive material. One band seen in the spollIG deletion mutant is
marked with an asterisk for reference.
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complex (E149) (Fig. 3A to C). The models also predict that
residue E156 of o contacts residue K41 in the same SpollAB
molecule contacted by residue E155 of o© (Fig. 3, insert), and
again, this contact is conserved in the SpollAB-¢* complex
(D150) (Fig. 3A to C). Therefore, both the E155K and E156K
substitutions introduce unfavorable interactions expected to
destabilize the interaction of SpolIAB with ¢°. We infer that
the E156K mutation reduces the binding of SpolIAB to ¢ in
a manner similar to that observed for 051> (19). However,
the interaction of E155 with a serine residue (S17) from Spol-
IAB is likely to be less strong than the interaction of E156 that
forms a salt bridge with K41 from SpolIAB (Fig. 3, insert).
Therefore, the effect of the E156K mutation, placing two pos-
itively charged residues in close proximity would create pack-
ing problems, and appears more disadvantageous for complex
formation than the E155K mutation. Since the models for the
two complexes show that most of the contacts between Spol-
IAB and ¢F or ¢© are conserved, our analysis supports the
conclusion of Evans et al. that the interaction of SpolIAB with
either o™ or ¢ is very similar (7).

o CFIS6K s less sensitive to SpolIAB in vivo. To determine
whether the 0SF'2°K form was less sensitive to the inhibitory
action of SpolIAB in vivo, we constructed strains engineered
to coexpress spolIAB and either spolllG or spollIGE156K dur-
ing vegetative growth in a medium (LB) that does not support
efficient sporulation. Strains AH2492 and AH2493 carry a fu-
sion of the xylose-inducible P, , promoter to the spollIG and
spollIGE156K genes, respectively, inserted at the amyE locus,
as well as an IPTG-inducible P, -spollAB fusion inserted at
the thrC locus; in addition, the two strains carry an sspE-lacZ
fusion (Table 1). Preliminary experiments revealed that ex-
pression of P, ,-spolllG and P, ,-spollIGEI56K in the ab-
sence of xylose resulted in significant expression of sspE-lacZ
(data not shown). Therefore, AH2492 and AH2493 were
grown in the absence of xylose and in the absence or presence
of IPTG (1 mM) to induce SpolIAB production.

Expression of spollIG or spollIGE156K in the presence or
absence of SpolIAB did not result in any detectable growth
differences between the strains (Fig. 4A). The sspE-lacZ-driven
production of B-galactosidase was monitored in the various
cultures during the log phase of growth, 1.5, 2, and 2.5 h after
inoculation. We found that in the absence of IPTG, the activ-
ities of both 0 and 0®F°°® increased during the experiment,
even though the activity of 915K was always lower than that
of the wild-type form (Fig. 4B). In the presence of IPTG to
induce spollAB expression, the activity of wild-type o© was
immediately reduced and remained at low levels (Fig. 4B). In
contrast, the activity of c“='>% was reduced slowly (Fig. 4B).
Moreover, at all the times tested, the fraction of o©E!S0K
activity remaining after IPTG-induced SpolIAB synthesis was
higher than the fraction of ¢ activity remaining after SpolIAB
induction (Fig. 4C). These results are consistent with the sug-
gestion that the E156K substitution makes ¢ less sensitive to
the inhibitory action of SpolIAB.

Activity of 15K in a spolll4 background is delayed rel-
ative to completion of the engulfment process. On the basis of
an analogy to the E155K mutation and the results discussed
above, we expected that the E156K substitution would also
relieve the inhibitory action of SpollAB on ¢ during sporu-
lation. If the interaction of SpolIAB with ¢ were reduced, as
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FIG. 3. Structures of the SpolIAB-¢" and SpolIAB-¢“ complexes obtained by comparative modelling techniques. Panels A and D depict the
whole complex between SpolIAB and oF or 0%, respectively, whereas panels B and E depict only SpolIAB to display the residues from this protein
that contact oF or 6. Panels C and F represent ¢* or 0%, respectively, rotated 180° relative to the complexes shown in panels A and D, to display
the contact residues from the o factors. The positions of all contact residues are labeled. Since SpolIAB is a dimer, the chain (A or B) of the contact
residue is also identified. The structures are rendered using colored molecular surfaces generated using PyYMOL (W. L. DeLano, The PyYMOL
Molecular Graphics System [2002], DeLano Scientific, San Carlos, Calif., http://www.pymol.org). Contact residues between o* or ¢ and SpolIAB
are colored according to their type; positively charged residues are blue, negatively charged residues are red, polar residues are green, and
hydrophobic residues are yellow. The noncontacting surface is white. The insert between panels E and F is an expanded view of the interacting
zone of residues E155 and E156 from o€ in the SpolIAB-c© complex. The proteins are represented using cartoons, colored differently to identify
them (chains A and B from SpolIAB are magenta and yellow, respectively, while o€ is green).

suggested by our screen, and because ¢ is autoregulatory (17,
47), we would expect premature expression of sspE-lacZ if
SpolIAB were the primary inhibitor of ¢ activity in the pre-
spore. In contrast to this expectation, activity of ¢9E!9°K was
delayed in spolllA cells (Fig. 1), which remained unable to
sporulate (AH3791) (Table 3).

To determine whether expression of sspE-lacZ was still cou-
pled to the completion of the engulfment process in strain
AH3791 (spolllA spollIGE156K), we used the membrane
stains FM4-64 and MTG to monitor completion of the engulf-
ment process (44). We stained samples of the same strains
depicted in Fig. 1, and in parallel, we monitored accumulation
of B-galactosidase to control for the onset of ¢ activity. We
could not use a fusion of the sspE promoter to the gfp gene for

this purpose, because even in the absence of ¢, most of the
cells showed some prespore decoration, presumably due to the
activity of ¢* (data not shown).

As in the experiment documented in Fig. 1, expression of
sspE-lacZ in the Spo™ strains AH3786 (spolllG at amyE) and
AH3787 (spollIGE156K at amyE) commenced around 4 h
after the onset of sporulation, when 42 and 31% of the cells,
respectively, had completed the engulfment process (Table 4).
Activity of B-galactosidase peaked 6 h after the onset of sporu-
lation for strain AH3786, when 48% of the cells showed com-
plete engulfment of the prespore, and 6 to 8 h after the start of
sporulation for AH3787, when 51 to 74% of the cells had
completed the engulfment process (Table 4). These observa-
tions are in agreement with the results of a previous study,
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FIG. 4. ¢OF"5 s less susceptible to SpolIAB in vivo than wild-type ¢©. (A) B. subtilis strains AH2492 (P,,,4-spollIG P,,,.-spollAB sspE-lacZ)

circles) and AH2493 (P,,,,-spollIGE156K P,
AP

spac

-spolIAB sspE-lacZ) (squares) were grown in LB medium with 1 mM IPTG (closed symbols) to

induce spolIAB expression or in the absence of inducer (open symbols). OD (600 nm), optical density at 600 nm. (B) Samples were taken at the
indicated times and assayed for 3-galactosidase production. From left to right, the four bars for each time point show the results for strain AH2492
grown in the absence of IPTG (white bars), AH2492 grown in the presence of IPTG (black bars), AH2493 grown in the absence of IPTG (light
grey bars), and AH2493 grown in the presence of IPTG (dark grey bars). (C) Ratio between the activity of ¢ (black bars) or ¢“F'*¥ (white bars)

in the absence and presence of IPTG (expressed as a percentage).

suggesting that the activity of ¢© coincides with the completion
of engulfment when sporulation is induced by growth and
resuspension in a minimal medium (29). About 20% of
AH3791 cells (spolllA::Tn917 spollIGE156K) showed com-
plete engulfment by 4 h after the onset of sporulation, a frac-
tion that increased to 39% by 6 h (Table 4), and by 8 h after
sporulation had started, the number of cells showing clear signs

TABLE 4. Time of engulfment completion in four B. subtilis strains

. Time No. Sporulating Stage IIT
Strain Genotype (' counted? eells % colly
AH3786 spolllG wt® 2 279 91/33 0
4 143 101/71 60/42
6 132 90/68 64/48
8 131 100/76 86/66
10 115 93/81 83/72
AH3787 spolll GE156K 2 487 153/31 0
4 178 121/68 55/31
6 357 221/62 53/51
8 158 133/84 117/74
10 172 129/75 114/66
AH3790 spolllA spolllG wt 2 157 70/45 0
4 172 121/70 54/31
6 167 119/71 98/59
8 102 70/69 53/52
10 152 67/44  48/32
AH3791 spolllA spollIGEIS6K 2 219 77/35 0
4 260 110/42 50/20
6 135 87/64 52/39
8 111 76/68 60/54
10 153 70/46 54/35

“ Hours after the onset of sporulation.

® The total number of cells counted is indicated.

¢ The number of sporulating cells, estimated on the basis of the pattern of
staining by FM4-64 and MTG (see text), is shown before the slash, and the
percentage of sporulating cells is shown after the slash.

4 The number of cells in stage III or above is shown before the slash, and the
percentage of cells in stage III or above is shown after the slash.

¢ spolllG wt, wild-type spolllG.

of having completed the engulfment sequence reached a max-
imum of 54% (Table 4). However, this did not correspond to
peak levels of sspE-lacZ expression (Fig. 1). Rather, enzyme
production reached a maximum 10 h after the onset of sporula-
tion, when the fraction of cells with clear signs of complete en-
gulfment actually decreased to about 35% (Table 4). The reasons
for this decrease may reflect instability of the prespore in cells
bearing a spolllA mutation (see below). Consistent with this in-
terpretation, 10 h after the onset of sporulation in strains bearing
a mutation in spolll4, the pattern of fluorescence decoration
resulting from MTG staining tended to change from the ellipsoi-
dal contour of the prespore to a more or less indistinct mass of
fluorescence, suggesting coalescence of the prespore membranes
(data not shown). We note that a spollIA mutation per se does
not significantly interfere with the timing of engulfment
(AH3790) (Table 4). We interpret these observations as indicat-
ing that o°F1°% becomes active only about 2 h after the com-
pletion of engulfment in a spollI4 mutant.

Activity of S®'5% in a spollIA background is not confined
to the prespore. The observation that the activity of o©F!7%K
was delayed relative to the completion of the engulfment pro-
cess in a spolllA mutant led us to examine the location of
B-galactosidase produced from the sspE-lacZ fusion in this
strain. We used immunofluorescence microscopy to examine
samples of the same cultures used in the experiment depicted
in Fig. 1 6 and 10 h after the onset of sporulation, as this
corresponds to peak levels of sspE-lacZ expression in spollIA™ or
spollIA mutant cells, respectively (Fig. 1). We were unable to
collect reasonable phase-contrast images or images of cells in
which the membrane had been stained with FM4-64 or MTG
after fixation and permeabilization of the cells with lysozyme (also
see reference 33). For that reason, the number of sporulating cells
was scored on the basis of the analysis of the pattern of nucleoid
staining by DAPI (see Materials and Methods), and for each of
these cells, the pattern of B-galactosidase localization was re-
corded (see Materials and Methods) (Table 5).

In strains AH3786 (AspolllG sspE-lacZ AamyE::spolllG)
and AH3787 (AspolllG sspE-lacZ AamyE::spollIGE156K),
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TABLE 5. Patterns of B-galactosidase localization

Localization of B-galactosidase

Strain Genotype Time (h)” No. counted” Sporulating cells/%*
Prespore MC Whole cell
AH3786 spolllG wt 6 411 250/61 187 0 0
10 360 358/99 9 0 0
AH3787 spolllIGE156K 6 446 305/68 222 0 9
10 413 397/96 10 0 3
AH3790 spollIA spolllG wt 6 193 151/78 0 0 0
10 178 107/60 1 0 0
AH3791 spollIA spollIGE156K 6 431 309/75 0 2 12
10 587 187/32 0 1 135

“ Hours after the onset of sporulation.
® The total number of cells counted is indicated.

¢ The number of sporulating cells, estimated on the basis of the pattern of DAPI staining (see text), is shown before the slash, and the percentage of sporulation is

shown after the slash.

4 The number of cells or free spores in prespores, mother cells (MC), and whole cells (cells with no signs of prespore).

production of B-galactosidase was detected only in cells in
which the prespore had been completely engulfed by the
mother cell (as defined by DAPI staining, which reveals two
equal-size mother cell and prespore chromosomes). Produc-
tion of the enzyme was always confined to the prespore com-
partment of strain AH3786 (Fig. 5a to ¢ and Table 5), whereas for
strain AH3787, a small percentage of cells (around 1 or 2%) 6 or
10 h after the onset of sporulation showed fluorescence through-
out the entire cell (Fig. 5f and Table 5). Interestingly, these spec-
imens did not present any distinctive signs of sporulation as
judged from the pattern of DAPI staining (Fig. 5d to f). This
effect does not seem to be caused by deficient staining of one of
the chromosomes, since the fluorescence signal is distributed by
what would be the length of the entire sporulating cell (mother
cell plus prespore). These specimens may represent vegetative
cells or cells in which the normal compartmentalization of ¢
activity was lost (see below).

In agreement with the results of sspE-lacZ expression shown
in Fig. 1, essentially no B-galactosidase could be detected in
cells of AH3790 (AspollIG spolllA::Tn917 sspE-lacZ
AamyE::spollIG) (Fig. 51 shows the only specimen found with
signs of fluorescence in the prespore) (Table 5). About 3% of
the cells of AH3791 (AspolllG spolllA::Tn917 sspE-lacZ
AamyE::spollIGE156K) at 6 h after the onset of sporulation
showed accumulation of B-galactosidase, a percentage that
increased to 23% at 10 h (Table 5). Surprisingly, in most of
these cells, B-galactosidase was found to localize throughout
the entire cell (Fig. 5j to 1 and Table 5). The percentage of
sporulating cells of AH3791 (two visible nucleoids of about the
same size at this stage) decreased from 75% at 6 h after the
onset of sporulation to about 32% at 10 h (Fig. 5j to 1[6 h] and
m to o [10 h] and Table 5). Note that the specimens showing
whole-cell fluorescence do not show the DAPI staining pattern
of a mid to late stage of sporulation and that specimens in
which the prespore can be clearly distinguished do not show
sspE-lacZ expression (Fig. 5j to o). The percentage of AH3790
cells (wild-type spolllG in a spollIA background) with two
distinct nucleoids also decreased from 6 h (78%) to 10 h after
the onset of sporulation (60%) (Table 5) except that in the
latter case, the whole-cell pattern of decoration was never

found. No decrease in the percentage of sporulating cells was
noticed for the spollIA™ strains.

The results show that 9 does not become active exclu-
sively in the prespore of a spolll4 mutant. The results suggest
that spolll4 may function to antagonize an as yet unknown
negative regulator of o following completion of the engulf-
ment process and that spollI4 may serve an additional func-
tion in sporulation related to the maintenance of compartmen-
talized gene expression in postengulfment cells. Essentially the
same observations, i.e., absence of prespore-specific expression
of sspE-lacZ, were made for spolllA cells harboring the E155K
mutation (19; E. M. Kellner and C. P. Moran, Jr., unpublished
results), reinforcing the view that the E155K and E156K sub-
stitutions affect the activity of ¢ similarly.

Early expression of spolIIGE156K in the prespore does not
result in premature activity of o©. Transcription of the
spolllG gene by ¢© is delayed by an unknown mechanism
towards the end of the engulfment process relative to the
transcription of the first class of o-dependent genes, which
includes the spollQ gene (24). We fused the coding region of
spollIGE156K to the early o"-dependent spolIQ promoter,
reasoning that the fusion allele would bypass both the mech-
anism that delays transcription of spollIG and a possible neg-
ative effect of SpolIAB prior to engulfment. The promoter
fusion was introduced at the amyE locus, producing strain
AH3789 (AspolllG sspE-lacZ P,,;;o-spolllIGE156K). The
spollQ promoter was also fused to the coding region of the
wild-type spollIG gene, and the fusion was inserted at amyE to
produce AH3788 (AspolllG sspE-lacZ Py, ,;;5-spollIG). Both
AH3789 and AH3788 sporulate efficiently (Table 3).

In agreement with unpublished work cited by Stragier and
Losick (46), the expression of sspE-lacZ in AH3788 began to
increase around 4 h after the onset of sporulation, as in strains
bearing the wild-type or spollIGE156K allele under the control
of its native promoter (AH3786 and AH3787) (Fig. 6). More-
over, induction of sspE-lacZ also occurred around 4 h of sporu-
lation in strain AH3789 (Fig. 6); the spollIQ promoter drives
expression of spollIGE156K in AH3789.

When produced from their own promoter, o€ and o
were first detected 3 h after the onset of sporulation, and the

GE156K
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FIG. 5. Immunolocalization patterns of B-galactosidase produced from the sspE-lacZ fusion. The strains of B. subtilis were grown in DSM, and
samples were taken at the indicated times after the onset of sporulation, stained with DAPI, and processed for immunofluorescence microscopy
as described in Materials and Methods. Typical localization patterns of B-galactosidase (B-gal.) produced from the sspE-lacZ fusion for strains
AH3786 (AspolllG sspE-lacZ AamyE::spolllG) (wild-type spolllG in a wild-type background) (a to c), AH3787 (AspolllG sspE-lacZ
AamyE::spolllGE156K) (d to f), AH3790 (AspolllG spolllIA::Tn917 sspE-lacZ AamyE:spollIG) (wt) (g to i), and AH3791 (AspolllG
spollIA::Tn917 sspE-lacZ AamyE::spollIGE156K) (j to o) at the indicated times after the onset of sporulation are shown. The complete relevant
genotypes of the strains are given in Table 1. The samples were taken 6 or 10 h after the onset of sporulation (T6 and T10, respectively).
Arrowheads point to specimens showing sspE-lacZ expression. The specimen labeled with an asterisk in panel f, as well as the specimens in panels

1 and o, show whole-cell fluorescence (see text). Bars, 2 pm.

level of the ¢ factor increased until 4 h (Fig. 2A and B),
whereas utilization of the spollQ promoter permitted the ac-
cumulation of o€ or ¢©EK from 2 h on, with maximum
levels between 3 and 4 h after the onset of sporulation (Fig. 2E
and F). In all the strains included in the experiment of Fig. 6,
induction of sspE-lacZ expression 4 h after the onset of sporu-
lation coincided with completion of the engulfment process (as
assayed by FM4-64 or MTG staining) (between 31 and 56%
[data not shown]). Both strains bearing the wild-type or
spollIGE156K allele under the control of the spolIQ promoter
presented a high background of o activity starting at the onset
of sporulation. The reason for this behavior is not known, but

it could be the result of high levels of expression of spollIG or
spollIGE156K from the strong spollQ promoter (24). In any
event, we note that expression of spoll[IGE156K does not result
in a higher background relative to expression of the wild-type
spolllG gene (Fig. 6). Moreover, we note that in both AH3788
and AH3789, expression of sspE-lacZ remains constant (Fig.
6), while the cellular levels of ¢ increase (Fig. 2E and F). It
appears that even though o9F5°% accumulates starting 2 h
after the onset of sporulation, it directs induction of sspE-lacZ
expression only around 4 h, when the process of engulfment of
the prespore by the mother cell is complete. Together, the
results suggest that SpollAB may not contribute decisively to
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FIG. 6. Early expression of wild-type spolllG and spollIGE156K
genes in the prespore. Expression of sspE-lacZ was monitored during
sporulation in B. subtilis strains AH3786 (AspolllG sspE-lacZ
amyE::spolllG) (wild-type spollIG in a wild-type background) (closed
circles), AH3787 (AspolllG sspE-lacZ AamyE::spolllGE156K) (open cir-
cles), AH3788 (AspolllG sspE-lacZ Pg,,;o-spollIG) (wt) (open squares),
and AH3789 (AspolllG sspE-lacZ P, ;o-spollIGE156K) (closed
squares). The complete relevant genotypes of strains are given in Table 1.
Strains were grown in DSM, and samples were taken at the indicated
times (in hours) after the onset of sporulation (T,) and assayed for
B-galactosidase activity. The endogenous levels of -galactosidase activity
were determined in the wild-type strain MB24 (closed triangles). B-Ga-
lactosidase activity is given in Miller units (see Materials and Methods).

the inhibition of ¢ activity in the prespore. The fact that very
little free SpolIAB seems to accumulate in the prespore and
the similarity of the interaction of SpolIAB with both ¢* and
o (7, 28; this work) are consistent with this interpretation.

Activity of o in the mother cell is antagonized by SpolIAB
and LonA. Since o€ is autoregulatory and SpolIAB is present
in both the prespore and mother cell compartments, we
wanted to determine whether SpolIAB could have a role in the
negative regulation of o in the mother cell, as previously
suggested (3, 8, 19, 21, 35). To investigate this possibility, we
fused the coding regions of the wild-type and spollIGE156K
alleles to the mother cell-specific, o®-dependent spolID pro-
moter (36). The fusions were transferred to the amyE locus of
a strain bearing an in-frame deletion of the spollIG gene and
an sspE-lacZ fusion (AH2452), yielding strains AH2460
(AspolllG sspE-lacZ P, ;,-spolllG) and AH2461 (AspolllG
sspE-lacZ P, ,;;,-spollIGE156K) (Table 1). No ¢ activity was
detected by monitoring sspE-lacZ-driven B-galactosidase pro-
duction, when the wild-type spollIG allele was expressed in the
mother cell (Fig. 7). In contrast, expression of the
spollIGE156K allele promptly resulted in sspE-lacZ expres-
sion, which occurred prior to normal expression of sspE in the
prespore, in agreement with the timing of utilization of the
spolID and sspE promoters during sporulation (26, 36) (Fig. 7).
This observation supports a role for SpolIAB in the regulation
of ¢ activity in the mother cell.

To determine whether the elevated levels of ¢© activity
observed in strain AH2461 (P, ;;p-spollIGE156K) relative to
strain AH2460 (P,,,,,;;»-spollIG) correlated with increased ac-
cumulation of ¢®, we conducted immunoblot experiments. We
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FIG. 7. Role of SpolIAB in the regulation of o activity in the
mother cell. Expression of sspE-lacZ was monitored during sporulation in
B. subtilis strains AH2460 (AspollIG sspE-lacZ P,,;;p-spolllG) (wild-type
spolllG in a wild-type background) (open squares), AH2461 (AspolllG
sspE-lacZ P, ;;,-spollIGE156K) (closed squares), AH2463 (AspolllG
sspE-lacZ lonA:cat Py,.;p-spolllG) (wt) (open circles), and AH2465
(AspolllG sspE-lacZ lonA::cat Py, ;;nr-spollIGE156K) (closed circles). The
complete relevant genotypes of strains are given in Table 1. Strains were
grown in DSM, and samples were taken at the indicated times (in hours)
after the onset of sporulation (T,) and assayed for B-galactosidase activity.
The endogenous levels of B-galactosidase production were determined in
the wild-type strain MB24 (closed triangles). B-Galactosidase activity is
given in Miller units (see Materials and Methods).

found that the ¢“F'°¥ protein accumulated starting 2 h after
the onset of sporulation, reaching maximum levels around 3 h
after sporulation had begun (Fig. 8B), which is in accordance
with the temporal pattern of expression of a spolID-lacZ fusion
(36). In contrast, the wild-type form of ¢ was detected only in
trace amounts (Fig. 8A), suggesting that ¢ is subjected to
proteolysis in the mother cell.

Since the ATP-dependent LonA protease has been impli-
cated in the negative regulation of o (40, 42), we examined
whether a mutation in the lon4 gene would also result in
increased o activity in the mother cell. A AlonA::cat allele was
introduced in strain AH2460, yielding strain AH2463
(AspolllG sspE-lacZ P, ;p-spolllG lonA::cat) (Table 1). Like
the spollIGE156K allele, the lonA mutation also permitted
expression of sspE-lacZ (Fig. 7), and the strain accumulated
wild-type o starting 2 h after the onset of sporulation, with
peak levels around 3 h after sporulation had begun (Fig. 8C).
Even though the levels of wild-type o in AH2463 (lonA)
appeared higher than the levels of c“®'>°F in AH2461 (Fig. 8,
compare panels B and C), the latter strain showed the highest
levels of sspE-lacZ expression (Fig. 7), suggesting that ¢ SF17%K
is still regulated by LonA.

To test this possibility, we introduced the AlonA::cat allele
into strain AH2461, yielding strain AH2465 (AspollIG sspE-
lacZ P,,;p-spollIGEI56K lonA::car) (Table 1). Strain
AH2465 showed higher levels of sspE-lacZ expression than
AH2461 (spolllGE156K) (Fig. 7). Moreover, 0“1 accumu-
lated at higher levels than in the lon4™ strain AH2461 (Fig. 8B
and D). These results show that the o©F'*°¥ form is only
partially resistant to LonA. Since the levels of ¢©F!5K in a
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FIG. 8. Immunoblot analysis of ¢© accumulation produced in the
mother cell during sporulation. ¢© accumulation in B. subtilis strains
AH2460 (AspolllG sspE-lacZ Py,,;;p-spolllG) (wild-type spollIG in a
wild-type background) (A), AH2461 (AspolllG sspE-lacZ P,,;p-
spollIGE156K) (B), AH2463 (AspolllG sspE-lacZ lonA:cat P,
spollIG) (wt) (C), and AH2465 (AspolllG sspE-lacZ lonA::cat P,y
spollIGE156K) (D) during sporulation in DSM was examined by
immunoblot analysis. Samples from sporulating cultures were collected
1 h after the onset of sporulation in DSM and at hourly intervals there-
after, as indicated by the numbers above the lanes. Proteins (30 pg) in
each sample were subjected to immunoblot analysis using an anti-o©
rabbit polyclonal antibody (see Materials and Methods). Lanes A 1IIG
contain 30-pg portions of an extract prepared from a culture of a spollIG
deletion mutant (AH3795 [Table 1]) 4 h after the onset of sporulation.
The position of ¢ is indicated by an arrowhead. Other bands represent
nonspecific cross-reactive material. One band, which appears close to o
in the spolllG deletion mutant, is marked with an asterisk for reference.

lonA background were lower than the levels of wild-type o,
the o9E15°K form may be a substrate for yet another protease.
These observations are in agreement with the reduced accu-
mulation relative to wild-type o€ in all backgrounds (Fig. 2 and
8). Together, the results suggest that ¢ does not normally
accumulate to significant levels in the mother cell, because of
the action of LonA and that in its absence, o is still negatively
regulated by SpolIAB. Moreover, since the same form of o€
(o9E15%y presumed to interact deficiently with the anti-sigma
factor SpolIAB is also partially resistant to LonA (Fig. 8B), the
E156K substitution may protect ¢© from both SpolIAB and
LonA. In any event, the results suggest that both SpoIIAB and
LonA contribute to the negative regulation of ¢ in the
mother cell chamber of the sporulating cell.

DISCUSSION

Previous work has shown that ¢© accumulates but is mostly
inactive in spolllA or spolll] mutants of B. subtilis (19, 41),
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both of which show a morphological block just after comple-
tion of the engulfment process (6, 30). This has led to the
suggestion that both spollI4 and spolll] act after engulfment
to promote the activation of ¢ in the prespore. Since the
activity of ¢ can be restored to spolllA or spolll] mutants by
a form of ¢ that is not efficiently bound by SpolIAB in vitro,
it has also been proposed that the expression of both loci
would be required to antagonize the action of SpolIAB upon
completion of the engulfment process (19, 41). In this study,
we have screened for random mutations in spollIG that could
bypass the need for spolllA for expression of the 6S-controlled
sspE gene. We isolated a single allele of spolllG
(spollIGE156K), which codes for lysine at position 156 of ¢,
instead of glutamate. On the basis of the analysis of a model of
the complex between B. subtilis o< and a SpolIAB dimer, we
infer that this allele interferes with the interaction of ¢ with
SpolIAB by destroying the salt bridge between glutamate 156
of 0% and lysine 41 in one of the SpolIAB molecules (Fig. 3).
The previously described E155K substitution (19) prevents the
formation of a hydrogen bond between glutamate 155 of o€
and serine 17 in SpolIAB (Fig. 3). This suggests that gSE!5%
is at least as refractory to SpolIAB binding as °E!3°¥, The
reduced susceptibility of c©F!3°¥ to SpollAB compared to the
susceptibility of wild-type o€ in vegetative cells of B. subtilis is
in agreement with the idea that the E156K mutation interferes
with SpoIIAB binding (Fig. 4).

In wild-type cells, the prespore-specific activation of © co-
incides with the completion of the engulfment process (29; this
work). The main finding of this investigation was that expres-
sion of sspE-lacZ in cells of the spolllA spollIGE156K mutant
was delayed relative to completion of engulfment and was not
confined to the prespore compartment. In strain AH3791 (a
spolllA spollIGE156K double mutant expressing sspE-lacZ),
the fraction of cells that had completed engulfment 4 h after
the onset of sporulation was half that observed for a wild-type
strain, and by 6 h after the onset of sporulation, the proportion
of AH3791 cells with fully engulfed prespores (39%) was even
closer to that of the wild-type AH3786 (48%). However, in
AH3791, the activity of B-galactosidase peaked at 10 h after
the onset of sporulation, not at 6 h as in a wild-type strain (Fig.
1). Moreover, the peak of B-galactosidase activity in AH3791
did not coincide with an increase in the frequency of fully
engulfed prespores but with a decrease in cells with clear signs
of sporulation (Tables 4 and 5; see below).

In addition, B-galactosidase was not confined to the pres-
pore but distributed throughout the entire cell (Fig. 5). The
pattern of whole-cell decoration could represent cells that have
not entered the sporulation pathway and maintain their vege-
tative state. Because o€ is autoregulatory (17, 47) and because
SpolIAB negatively regulates ¢ in nonsporulating cells (8,
35), a mutation impairing SpolIAB binding could result in
increased activity of ¢©. In that case, ¢ activity should have
been detected during growth, early in sporulation, and presum-
ably also in the mother cell in strains bearing the
spollIGE156K allele. However, this was not the case: no B-ga-
lactosidase accumulated during vegetative growth (data not
shown), and very few cells of the Spo™ strain AH3787 (which
express spollIGE156K in a spollIA™ background) presented
the same pattern of whole-cell decoration (Fig. 5 and Table 5).
An alternative explanation is that the whole-cell decoration
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pattern corresponds to cells that have entered sporulation but
that late in development they fail to maintain compartmental-
ized gene expression because the spolllA mutation results in
instability of the prespore envelope. We favor this idea for two
reasons. First, the instability of the prespore membranes has
been reported for certain mutants that do not proceed past the
stage of the completion of engulfment (30, 32). Second, it
agrees with the observation that in cells bearing a spolllA
mutation (expressing either the wild-type allele or
spollIGE156K), the percentage of sporulation seems to de-
crease from 6 to 10 h after the onset of sporulation, as scored
by the staining patterns of the prespore membranes by MTG
(Table 4) and of the nucleoid by DAPI (Table 5). Thus, ex-
pression of sspE-lacZ in the spolllA spollIGE156K mutant
(AH3791) would occur only upon partial lysis of the prespore
at a late time in development, permitting access of some
g OE%K 1o the mother cell, where it would prime its own
synthesis. Note that ¢SF1%°% accumulates in the mother cell,
whereas wild-type o does not (Fig. 8; see below). The loss
compartmentalization of o* activity in spollIE insertional mu-
tants indicates that the prespore membranes become perme-
able to sigma factors at least under certain conditions (50).
Whatever the correct interpretation, the observation that
the spollIGE156K allele does not restore prespore-specific ex-
pression of sspE-lacZ to a spolll4A mutant has several implica-
tions. If mutations that impair binding of SpolIAB do not
permit activation of ¢ in the prespore of a spolll4 mutant
after completion of the engulfment process, then it seems
likely that the activity of o is negatively regulated by some
other factor. It would be difficult to explain that SpolIAB
inhibits ¢ at a time when SpolIAB is inactivated to permit
expression of the o* regulon (reviewed in references 31 and
37), especially if the interaction of SpollAB with o is similar
to that of SpolIAB with o€ (7; this work). Moreover, because
uncomplexed SpolIAB is rapidly proteolyzed, there seems to
be very little, if any, free SpolIAB in the prespore (28). Nor-
mally, o€ is produced late, just prior to the completion of the
engulfment process (29). However, since o efficiently recog-
nizes its own promoter, even low levels of o would have to be
subjected to negative regulation. It could be that very low
levels of SpollAB escaping proteolysis would be sufficient to
maintain the inactivity of ¢©. This seems unlikely, because
expression of the wild-type or spolIIGE156K allele from the
strong, early o*-dependent spollQ promoter does not result in
premature induction of sspE-lacZ expression (46) (Fig. 6).
Together, these observations suggest that 9*°°¥ is kept inac-
tive in the prespore by an as yet unidentified factor, which is
antagonized in the postengulfment prespore in a spolll4- and
spolllJ-dependent manner. Since activity of oSE!5°K is de-
tected in spolllA or spolllJ mutants only at late times after sporu-
lation, when the prespore membranes show signs of instability, it
is possible that the putative prespore inhibitor of o is unstable
and tends to disappear at late times in sporulation. We do not
know whether ¢ is equally unstable, but presumably very little
¢ is needed to establish the positive-feedback loop leading to its
increased accumulation around 8 h after the onset of sporulation
(Fig. 2). The results suggest that SpolIAB is either not involved in
the regulation of o© in the prespore or is redundant. Since no
mutations that result in deregulated ¢© activity in the prespore
are known, it may be that the putative inhibitor of ¢ (if other
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than SpolIAB) has remained elusive, because it is the product of
a small or essential gene or because mutations that make o
resistant to inhibition also impair its activity.

Also worthy of comment is the role of SpolIAB in the
mother cell, together with the LonA protease. We found that
the wild-type o€ does not accumulate in the mother cell when
expressed from the strong o®-dependent spolID promoter
(Fig. 8A). Because a mutation in the lonA gene, encoding the
ATP-dependent LonA protease, results in accumulation of o
and expression of sspE-lacZ, LonA appears to promote the
degradation of ¢ in the mother cell (Fig. 7 and 8C). Since
expression of spollIGE156K from the spolID promoter results
in higher levels of sspE-lacZ expression, we conclude that
SpolIAB is also capable of inhibiting 0 in the mother cell
(Fig. 7). LonA has been previously implicated in the negative
regulation of ¢ under nutritional conditions that do not allow
efficient sporulation (40). Moreover, a mutation in the lonA
gene is also able to partially restore o activity to a spolllA
mutant during sporulation but only after a delay of 2 h relative
to the normal timing of expression of the o© regulon (40). This
effect is reminiscent to that observed for the spollIGE155K or
spollIGE156K allele, and it could be restricted to the mother
cell, since expression of lonA from a prespore-specific pro-
moter was found to strongly reduce ¢ activity and sporulation
(42). In any event, since the E156K mutation also confers some
immunity against LonA (Fig. 8B), at this time we cannot de-
cide whether expression of sspE-lacZ in cells of the
spolllA::Tn917 spollIGE156K double mutant (AH3791) is a
consequence of the impaired ability of SpolIAB to bind to o,
its resistance to the LonA protease, or both.

In conclusion, our results suggest that mutations that make ¢
resistant to SpolIAB do not permit expression of the o“-depen-
dent sspE gene in the prespore of a spolllA mutant. While our
results support earlier findings indicating that SpolIAB (together
with LonA) is important in the mother cell, they suggest that
SpolIAB is not a decisive regulator of ¢ in the prespore.
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ADDENDUM IN PROOF

A recent report shows that compartmentalized gene expression
is compromised in spolllA or spolll] B. subtilis mutants because
of prespore instability (Z. Li, F. Di Donato, and P. J. Piggot, J.
Bacteriol. 186:2221-2223, 2004). These results support our inter-
pretation that the activity of 0“5 seen in spolllA cells is due
to instability of the prespore and loss of compartmentalized gene
expression in this mutant background.
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