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SpollIE is a dual-function protein in Bacillus subtilis that contributes to the switch from medial to polar cell
division during sporulation and is responsible for activating the cell-specific transcription factor ¢*. SpolIE
consists of an N-terminal domain with 10 membrane-spanning segments (region I), a C-terminal phosphatase
domain (region III), and a central domain (region II) of uncertain function. To investigate the role of SpolIE
in polar division, we took advantage of a system for efficiently producing polar septa during growth in a
SpollE-dependent manner using cells engineered to produce the sporulation protein in response to an inducer.
The results show that regions II and III play a critical role in polar septum formation and that specific amino
acid substitutions in those regions affect the abilities of SpolIE both to promote polar division and to localize
to the division machinery. Additionally, we show that neither the phosphatase function of SpolIE nor the
N-terminal, membrane-spanning region is needed for the switch to asymmetric division.

A hallmark of the process of sporulation by the gram-posi-
tive bacterium Bacillus subtilis is the formation of an asym-
metrically positioned septum that divides the developing cell
into dissimilar-sized progeny called the forespore (the smaller
cell) and the mother cell (33). One of the important challenges
in the sporulation field is to understand the molecular mech-
anisms that bring about this switch from medial to polar divi-
sion. Cytokinesis in bacteria is mediated by the tubulin-like
protein FtsZ, which forms a ring-like structure, the cytokinetic
or Z-ring, at the future site of cell division (11, 29, 30). Previ-
ous work has shown that asymmetric division is accompanied
by the formation of bipolar Z-rings and that the formation of
these rings involves a helical intermediate of the cytokinetic
protein that may be responsible for redeploying molecules of
FtsZ from the midcell position to the poles (6, 25). One of the
polar Z-rings is converted into a division septum, whereas the
other Z-ring is blocked from undergoing cytokinesis by the
action of the sporulation genes spolID, spolIM, and spollP,
which are synthesized in the mother cell as a consequence of
polar division (10, 34). Redeploying FtsZ from the midcell to
the poles is effected by a sporulation-specific increase in FtsZ
levels (via a promoter that is recognized by the sporulation
regulatory protein o) and by the activation of the gene for the
sporulation protein SpolIE (via the sporulation regulatory pro-
tein Spo0A) (6, 15, 16, 38). Evidence that enhanced FtsZ levels

* Corresponding author. Mailing address: Department of Molecular
and Cellular Biology, Harvard University, 16 Divinity Ave., Cam-
bridge, MA 02138. Phone: (617) 495-1774. Fax: (617) 496-4642. E-
mail: losick@mcb.harvard.edu.

+ Supplemental material for this article may be found at http:
//jb.asm.org/.

1 Present address: The Schepens Eye Research Institute, Harvard
University, 20 Staniford Street, Boston, MA 02114.

§ Present address: Department of Molecular Biology, Faculty of
Medicine, The Hebrew University of Jerusalem, 911120 Jerusalem,
Israel.

1 Present address: Department of Molecular and Cell Biology, Uni-
versity of California, Berkeley, 142 Life Sciences Addition, #3200,
Berkeley, CA 94720.

3511

and synthesis of SpollE are sufficient to cause polar division
comes from the observation that artificial induction of spolIE
during growth in cells harboring an extra copy of ftsZ is suffi-
cient to bring about a switch from medial to asymmetric divi-
sion (6). Furthermore, a spollE mutation prevents polar sep-
tum formation in cells engineered to produce a constitutively
active form of Spo0OA during growth (22).

SpollE is an 827-amino-acid-long protein that consists of an
N-terminal domain (region I) with 10 membrane-spanning seg-
ments (3), a C-terminal domain that is homologous to the
PP2C family of phosphatases domain (region III) (1, 27), and
a central domain (region II) that shows little similarity to
other, nonorthologous proteins in the databases (Fig. 1A).
Cytological evidence demonstrates that SpollE colocalizes
with the Z-ring and that it depends on FtsZ for this colocal-
ization (4, 26). Biochemical evidence additionally indicates
that the interaction between SpollE and FtsZ is direct (28).
Whereas FtsZ and other division proteins exit the developing
septum during cytokinesis, SpolIE remains associated with the
polar septum after cytokinesis is complete, when it plays a
critical role in the activation of the forespore-specific transcrip-
tion factor oF. SpolIE triggers the activation of o by cata-
lyzing (via its PP2C-like phosphatase domain) the conversion
of the inactive phosphoprotein SpolIAA-P to its active, de-
phosphorylated form SpoIIAA. SpolIAA, in turn, reacts with a
complex of oF and the anti-o* factor SpollIAB to effect the
release of the transcription factor from its inhibitor (19). Thus,
SpollE is a dual-function protein. It interacts with the cytoki-
netic machinery to promote polar division, and it becomes
incorporated into the resulting polar septum, where it partic-
ipates directly in the pathway leading to the activation in the
forespore of the transcription factor o*.

Here we are concerned with the role of SpollE in polar
division. This is a challenging problem to address because
asymmetric division is a composite consequence of the appear-
ance of SpollE and a sporulation-specific increase in FtsZ
levels. Thus, a mutant lacking SpollE but otherwise unim-
paired in sporulation-specific FtsZ synthesis is only delayed in
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FIG. 1. Frequency of polar septation during vegetative growth and
sporulation. (A) Schematic diagram representing SpolIE. The roman
numerals represent the membrane-spanning region (I), the central
region (II), and the conserved PP2C-like phosphatase region (III).
Approximate positions of amino acid substitutions investigated in this
study are indicated. (B) Upper graph: the percentage of cells with a
polar septum in vegetative cultures induced to express the indicated
allele of spollE were determined as described in Materials and Meth-
ods and are documented in Table 2. The percentage of cells with polar
septa in the strain expressing wild-type spolIE was normalized to
100%, and the values for the other cultures were normalized accord-
ingly. Wild type = SB210, MalF-IIE = KC501, Aregl = KC541, Aregll
= SB211, S361F = SB250, Q483A = KC500, D746A = SB214, D686A
= KC552. Lower graph: the percentage of cells with at least one polar
septum after 90 or 150 min of sporulation as visualized by membrane
staining as described in Materials and Methods. The percentage of
cells with polar septa in the strain expressing wild-type spollE was
normalized to 100%, and the values for the other cultures were nor-
malized accordingly. Wild type = KC544, MalF-IIE = KC538, Aregl =
KC549, Aregll = KC548, S361F = KC545, Q483A = KC546, D746A
= KC547, D686A = KC554. WT, wild type.

septum formation; it eventually produces polar septa at an
efficiency of about 50% that of the wild type (5, 6, 20). Further
complicating efforts to study the role of SpollE in polar divi-
sion are its indirect effects on septation via its role in the
activation of oF. The absence of oF activity in a SpollE mutant
leads to the formation of aberrant (disporic) sporangia with
septa at both poles (20), and premature activation of ¢* from
excess SpollE activity prevents polar septation at either pole
(8, 18).

To investigate the role of SpollE in asymmetric division
specifically, we took advantage of a previously described sys-
tem for producing polar septa during growth (6). This system
involves the use of cells that harbor an extra copy of the gene
for FtsZ and are engineered to produce SpollE in response to
an inducer. Such cells undergo asymmetric division robustly
when expression of spollE is induced but at only a low level
when it is not. Moreover, in such cells the contribution of
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SpollIE to asymmetric division is uncoupled from its role in the
activation of o". Using this system, we find that neither the
phosphatase activity of SpollE nor the membrane-spanning
segments in its N-terminal region (I) contribute measurably to
polar septation but that both the central region (II) of SpollE
and at least one residue in the C-terminal region (III) play a
critical role in the switch to polar division.

MATERIALS AND METHODS

Strain construction. All strains were derivatives of PY79 (39) and were built
with the following constructs: spo and spollIE phleo (3), amyE::ftsAZ cat (6), and
spollA::cat and spollA::spc (32). To integrate spollE alleles at the nonessential
chromosomal locus zae-86, plasmids used for integration at the amyE locus
(described below) were transformed into JDB326; selected for spectinomycin
resistance; and screened for kanamycin sensitivity, chloramphenicol resistance,
and the ability to catabolize starch (amy™) (9). To construct 3’ gfp derivatives of
spollIE alleles, either pPE1 (23), pSBY25, pKC70, pCM19, or pCM12 (described
below) was integrated via single-crossover recombination into the appropriate
strain. Transformants that had integrated the plasmid at the desired site were
screened for by linkage to another antibiotic resistance cassette and/or detection
of green fluorescent protein (GFP) under the appropriate conditions by fluores-
cence microscopy. Preparation of competent cells and transformation were per-
formed as described in the work of Harwood and Cutting (17). Antibiotic con-
centrations used for selection on Luria broth agar were spectinomycin at 100
pg/ml, kanamycin at 10 wg/ml, phleomycin at 0.4 pg/ml, chloramphenicol at 5
pg/ml, and lincomycin at 25 wg/ml plus erythromycin at 1 wg/ml. Table 1 shows
strain genotypes.

Plasmid construction. pSBY25 is a derivative of pKL168 (24) containing the
3’ 941 bp of spollE linked to the coding sequence of gfp(mut2) by two in-frame
codons, ctcgag (encoding Leu-Glu). Positions 1540 to 2481 of spollE were PCR
amplified from PY79 genomic DNA with oligonucleotides that attached an
EcoRlI site to the 5’ end and a Xhol site to the 3’ end. The PCR fragment was
digested by EcoRI and Xhol and ligated into pKL168 digested with the same
enzymes. pKC70 was created by site-directed mutagenesis (Stratagene Quik
Change) of pSBY25 to introduce the D686A mutation. pCM20 was created by
site-directed mutagenesis (Stratagene Quik Change) of pPE1 (23) to introduce
the D746A mutation. pCM12 was created by site-directed mutagenesis of pPE1
to introduce the Q483A mutation. PY79 transformants of pKC70, pCM19, and
pCM12 were screened for a Spo~ phenotype to generate the spollE-D686A-gfp
kan, spollE-D746A-gfp spc, and spollIE-Q483A-gfp spc constructs, respectively.

The in-frame deletion of region II of spollE under its endogenous promoter
was achieved by a three-way ligation between two restriction-digested PCR
fragments and the amyE integration vector pDG364 (21). The region stretching
from 267 bp upstream of the spollE start codon (including the promoter) to bp
969 of the spollE coding sequence was PCR amplified from PY79 genomic DNA
with oligonucleotides that added an EcoRI site to the 5" end and a Xhol site to
the 3" end. The region from bp 1753 of the spollE coding sequence to 8 bp
downstream of the spolIE stop codon was also PCR amplified from PY79
genomic DNA with oligonucleotides that added a Xhol site to the 5’ end and a
BamHI site to the 3’ end. These PCR fragments were digested with the appro-
priate restriction enzymes and cloned by three-way ligation into pDG364 cut with
EcoRI and BamHI to create pKC17, which encodes region I of SpolIE linked to
region III by two residues, Leu-Glu.

Various alleles of spollE were placed under control of the isopropyl-B-p-
thiogalactopyranoside (IPTG)-inducible promoter P, by cloning them into
the amyE integration vector pDR110 (gift from David Rudner, Harvard Medical
School), which contains the Py, promoter and its regulatory elements. P,
is a modified version of P,,,. (37) in which a second lac operator was placed 70.5
bp upstream (31). P, retains promoter strength similar to that of P,,,. under
inducing conditions but has significantly lower basal expression in the absence of
an inducer (D. Rudner and C. van Ooij, unpublished data). The entire coding
sequence of each allele of spollE was PCR amplified from the appropriate
template (see below) with a forward oligonucleotide (KCO61, 5" GGAGTCGA
CGGGACATAAGGAGGAACTACTATGGAAAAAGCAGAAAGAAG)
that contained a Sall site and an optimal ribosome binding site (TAAGGAGGA)
(36) and a reverse oligonucleotide (KCO35, 5" GGAGCATGCCGGAAGCGT
TATGAAATTTC) that contained a Sphl site. The PCR fragments were digested
with Sall and SphI and ligated into pDR110 digested with Sall and Sphl. For
pKC25 (spolIE) PY79 genomic DNA was the PCR template, for pKC26 (spollE-
Aregll) pKC17 (see above) was the PCR template, for pKC27 (spollE-S361F)
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TABLE 1. Strains and plasmids

Strain or plasmid Genotype Reference
Strains
PY79 Wild-type parent strain 39
SB150 amyE::ftsAZ cat 6
JDB326 zae-86::Tn917::pTV21D2::.pCBI15 kan 9
SB210 As SB150, zae-86::P,y,,,,;~-spollE spc This study
SB220 As SB150, zae-86::P,,,,,-spollIE-gfp spc kan This study
SB214 As SB150, zae-86::P,y,,,,-spollE-D746A spc This study
SB250 As SB150, zae-86::P,y,,,,,~spollE-S361F spc This study
SB414 As SB150, zae-86::P,,,,,,-spollE-S361F-gfp spc kan This study
KC500 As SB150, zae-86::P,y,,,,-spollE-Q483A spc This study
KC507 As SB150, zae-86::P,,,,,-spollE-Q483A-gfp spc kan This study
SB211 As SB150, zae-86::P,,,,,,~-spollE-Aregll spc This study
SB221 As SB150, zae-86::P,,,,,-spollE-Aregll-gfp spc kan This study
KC541 As SB150, zae-86::P,,,,,,~spollE-Aregl spc This study
KC542 As SB150, zae-86::P,,,,-spollE-Aregl-gfp spc kan This study
KC501 As SB150, zae-86::P,,,,,,-malF-spollE spc This study
KC506 As SB150, zae-86::P,,,,,,-malF-spollE-gfp spc kan This study
KC552 As SB150, zae-86::P,,,,;-spollE-D686A-gfp spc kan This study
RL2775 spollA::cat 32
KC543 spollE::phleo spollA::cat This study
KC544 spollE-gfp spc spollA::cat This study
KC545 spollE-S361F-gfp spc spollA::cat This study
KC546 spollE-Q483A-gfp spc spollA::cat This study
KC547 spollE-D746A-gfp spc spollA::cat This study
KC548 As KC543, amyE::spolIE-AreglI-gfp cat spc This study
KC549 As KC543, amyE::spollE-Aregl-gfp cat spc This study
KCs38 spollE::phleo spollA::spec amyE::malF-spollE-gfp spc kan This study
KC554 spollE-D686A-gfp kan spollA::cat This study
Plasmids

pDR110 bla spc amyE::Py, D. Rudner
pKC25 bla spc amyE::P,,,;-spollE This study
pKC26 bla spc amyE::Py,,,-spollE-Aregll This study
pKC27 bla spc amyE::P,,,;-spollE-S361F This study
pKC29 bla spc amyE::Py,,,,-spollIE-D746A This study
pKC63 bla spc amyE::P,,,;-spollE-Q483A This study
pKCo4 bla spc amyE::Py,,,,-malF-spolIE This study
pKC69 bla spc amyE::P,,,-spollE-Aregl This study
pKC17 bla cat amyE::spolIE-Aregll This study
pSDEY95 bla cat amyE::spollE-Aregl 3
pPE1 bla spc spollE(1375-2481)-gfpF64L S65T 23
pSBY25 bla kan spollE(1540-2481)-gfpF64L S65T This study
pKC70 bla kan spollE(1540-2481, D686A)-gfpF64L S65T This study
pCM12 bla spc spollE-Q483A(1375-2481)-gfpF64L S65T This study
pCM20 bla spc spollE-D746A(1375-2481)-gfpF64L S65T This study
pKC68 bla spc amyE::malF-spollE This study

RL65 (12, 23) was the PCR template, for pKC29 (spollE-D746A4) pKC6 (a
derivative of pKC2 [7] that underwent site-directed mutagenesis to introduce the
D746A mutation) was the PCR template, for pKC63 (spollE-Q483A4) pPE27 (7)
was the PCR template, and for pKC69 (spollE-Aregl) pSDE9S (3) was the PCR
template. For pKC64 (malF-spolIE) pNK57 (23) was the PCR template, but in
this case the reverse oligonucleotide (KCO115, 5'-GGAGCATGCTGAAATTT
CTTGTTTGTTTTGAAAGATTGCCGG) contained a stop codon and an Sphl
site and sequence complementary to the last codons of the spollE gene. PCR
amplification with KCO115 as the reverse primer amplified the malF-spollE
coding sequence without the 3’ gfp fusion present in pNK57. A plasmid carrying
Pyni-spollE-D686A was not constructed. Rather the B. subtilis strain (SB210)
containing Py,,,,-spollE* was transformed with pKC70 (described above), and
transformants were screened for the crossover events that incorporated the point
mutation into the inducible copy of spollE (creating KC552).

malF-spollE under its endogenous promoter was cloned into the amyE inte-
gration vector pLD30 (14) to create pKC68. The region stretching from 225 bp
upstream of the spollE start codon (including the promoter) to the end of the
malF-spollE coding sequence was PCR amplified from pNK57 with a forward
oligonucleotide (KCO118) that added an EcoRV site to the 5’ end and a reverse
oligonucleotide (KCO117) that added a stop codon and a BamHI site to the 3’

end. KCO117 is the same as KCO115 but with a BamHI site instead of a Sall site.
The PCR fragment was digested with EcoRV and BamHI and ligated into
pLD30 digested with EcoRV and BamHI.

Septation and localization assays. For induction of spolIE alleles during veg-
etative growth, cells were grown at 30°C in hydrolyzed casein growth medium
(17) in the presence or absence of 0.5 mM IPTG. Cells were harvested for
microscopy during early to mid-log phase. For examination of sporulating cells,
cultures were grown at 37°C and induced to sporulate by resuspension (17).
Sporulating cells were harvested for microscopy after shaking in a 37°C water
bath for 1.5, 2, or 2.5 h. One-milliliter aliquots of either growing or sporulating
cells were briefly centrifuged and resuspended in phosphate-buffered saline sup-
plemented with 50 uM of the vital membrane dye TMA-DPH (Molecular
Probes). Samples that were assayed only for polar septa were immobilized on
glass microscope slides with poly-L-lysine coated glass coverslips. Samples that
were assayed for localization of SpolIE-GFP derivative proteins were applied to
a chambered slide (VWR Scientific) filled with a bed of medium (T base [17] for
vegetative cells and resuspension medium [17] for sporulating cells) containing
1% agarose. Fluorescence microscopy was carried out as previously described
(10). Random fields of cells were scored for the presence or absence of polar
septa.
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