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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
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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. SpollE triggers the activation of ¢" by cata-
lyzing (via its PP2C-like phosphatase domain) the conversion
of the inactive phosphoprotein SpolIAA-P to its active, de-
phosphorylated form SpolIAA. 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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SpollE 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 spollE 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
png/ml, kanamycin at 10 pwg/ml, phleomycin at 0.4 pg/ml, chloramphenicol at 5
pg/ml, and lincomycin at 25 wg/ml plus erythromycin at 1 pg/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
EcoRI 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 spolIE-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 EcoRlI 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 spollE 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 SphI. For
pKC25 (spollE) 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::.pCB15 kan 9
SB210 As SB150, zae-86::P,,,,,,;-spollE spc This study
SB220 As SB150, zae-86::P,,,,,-spolIE-gfp spc kan This study
SB214 As SB150, zae-86::P,,,,,-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,,,,,,-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,j,,,,~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
KCs44 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 spollIE-D686A-gfp kan spollA::cat This study
Plasmids

pDR110 bla spc amyE::P, 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
pKCo64 bla spc amyE::Py,,,,-malF-spollE 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) pSDE95 (3) was the PCR
template. For pKC64 (malF-spollIE) 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 pM 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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TABLE 2. Summary of polar septum formation and localization of
the SpollE mutant proteins®

% (n) of cells with polar Localization of GFP-

spollE allele septa tagged protein during:
Induced Uninduced ~ Growth  Sporulation
WT (SB210) 21.3 (979) 0.7 (806) ++ ++
malF-spollE (KC501) 20.3 (1,044) 0.6 (503) ++ ++
spollE-Areg I (KC541) 19.0 (830) 0.4 (607) +/- +/-
spollE-Areg IT (SB211) 0.9 (959) 0.8 (635) - -
spolIE-S361F (SB250) 2.4 (930) 0.7 (600) +/= +
spollE-Q483A4 (KC500)  20.0 (607) 1.1 (536) ++ ++
spollE-D746A (SB214) 19.7 (772) 1.2 (516) ND ++
spolIE-D686A (KC552) 2.1(327) 0.7 (277) +/= +/=

“The percentages of cells with a polar septum in growing cultures either
induced or uninduced to express the indicated allele of spollE were determined
as described in Materials and Methods. The localization of the GFP-tagged
mutant proteins to division sites is summarized here from the data in Fig. 3 (third
column) and Fig. 4 (fourth column) and data not shown. ND, not determined.
++, normal localization; +/—, partial localization; —, no specific localization.
WT, wild type.

Immunoblotting. Cell pellets from 1 ml of a sporulating culture or 2 ml of a
vegetative culture were frozen at —80°C. Extracts were prepared by resuspending
the pellets in lysis buffer (10 mM Tris, pH 8.0, 10 mM MgCl,, 0.3 mg/ml
phenylmethylsulfonyl fluoride, 0.5 mg/ml lysozyme, 0.1 mg/ml DNase I) in a
volume proportional to the optical density at 600 nm of the culture at the time
the samples were harvested (0.1 ml lysis buffer/1 optical density unit) and incu-
bated in a 37°C water bath for 10 min. Lysates were mixed 5:1 (vol/vol) with 5X
sodium dodecyl sulfate (SDS) sample buffer (60 mM Tris, pH 6.8, 25% glycerol,
2% SDS, 0.1% bromophenol blue, 14.4 mM 2-mercaptoethanol) and loaded
onto a 12% polyacrylamide-0.8% bis gel. The gels were run for ~2 h at 150 V
with SDS running buffer (50 mM Tris, 380 mM glycine, 4 mM SDS). The protein
was electroblotted to an Immobilon-P membrane (Millipore) for 1 h at 200 mA
(transfer buffer was 25 mM Tris, 193 mM glycine, 10% methanol). Immobilon-P
membranes were blocked in 5% nonfat milk in Tris-buffered saline-0.5% Tween
20 and probed with affinity-purified rabbit anti-GFP (1:10,000) (35), affinity-
purified rat anti-SpollE (1:4,000) (4), or affinity-purified rabbit anti-c®
(1:10,000) (provided by M. Fujita). Primary rabbit antibody was detected by
horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (Bio-
Rad) followed by treatment with Supersignal substrate (Pierce) and exposure to
Biomax MR film (Kodak). Primary rat antibody was detected by alkaline phos-
phatase-conjugated goat anti-rat immunoglobulin G (Promega) followed by
treatment with BCIP/NBT color development substrate (Promega).

RESULTS AND DISCUSSION

Region I of SpollE is dispensable for polar division. To
carry out our investigation, we built a series of strains harbor-
ing two copies of ftsZ and an inducible copy of wild-type or
mutated forms of spollE and monitored polar septum forma-
tion during growth in response to the addition of inducer
(IPTG). In confirmation of previous results (6), engineered
cells harboring wild-type spollE produced polar septa at a
frequency of about 21% in the presence of inducer and 0.7% in
its absence. To investigate the contribution of region I to polar
septation, we used a chimeric gene in which the coding se-
quence for the 10 membrane-spanning segments was replaced
with the coding sequence for the first two membrane-spanning
segments of the Escherichia coli integral membrane protein
MalF (23). The results show that cells producing the MalF-
SpollIE hybrid protein produced polar septa as efficiently as did
cells producing the wild-type protein (Fig. 1B and Table 2).

Next, we asked whether a truncated SpollE protein that
simply lacked region I (and hence was a cytoplasmic [soluble]
protein rather than an integral membrane protein [3]) would
promote asymmetric division. Surprisingly, our data show that
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cells producing the truncated protein, SpolIEA™#! underwent
asymmetric division about as efficiently as cells producing full-
length SpollE (Fig. 1B and Table 2). We conclude that region
I is dispensable for asymmetric division and therefore that
direct interaction between SpollE and the membrane is not
required for its interaction with the division machinery.

Region II contributes to polar septation. To investigate the
role of region II in polar division, we tested the effect of an
in-frame deletion of its entire coding region (eliminating
codons 324 to 584) and the effects of point mutants, S361F
(corresponding to the classic spollE48 mutation) (5) and
Q483A (7), that are blocked in sporulation. Production of the
protein from which region II had been removed, SpollE~™&"",
failed to promote a measurable level of polar septation (Fig.
1B and Table 2). Similarly, synthesis of the SpoIIES**'F mutant
protein caused only a small increase in polar septation above
the background observed in cells that were not treated with
inducer (Fig. 1B and Table 2). In contrast, cells producing
SpolIE?*®34 underwent asymmetric division as efficiently as
did cells producing the wild-type protein (Fig. 1B and Table 2).
We conclude that region II and, in particular, some feature of
region II that is altered by the S361F substitution play a critical
role in facilitating polar division.

Region III also contributes to polar division. We next inves-
tigated the role of the region III phosphatase domain of
SpollE in polar division. A SpollE mutant with an alanine
substitution at the catalytic aspartate residue D746 is enzymat-
ically inactive in dephosphorylating SpolIAA (1; K. Carniol
and R. Losick, unpublished results). The results show that cells
producing SpolIEP740A were as proficient as the wild type in
promoting polar division (Fig. 1B and Table 2), indicating that
SpolIE’s enzymatic activity is not important for polar division.

Interestingly, however, another substitution in region III,
D686A, which also blocks phosphatase activity (N. King and R.
Losick, unpublished results), markedly diminished the capacity
of the protein to cause polar division (Fig. 1B and Table 2). We
conclude that the phosphatase function of SpollE does not
contribute to its role in polar division. Nonetheless, at least one
residue (Asp686) in region III makes contributions both to
enzymatic activity and to asymmetric cytokinesis.

Effects on SpollIE stability. It seemed possible that some or
all of the effects observed above were an indirect consequence
of the alteration in question to the susceptibility of SpolIE to
proteolysis, resulting in reduced amounts of the protein. To
investigate this, we constructed a series of gene fusions in
which the coding sequence for GFP was joined in-frame to the
3’ end of spollE and its mutant alleles in constructs in which
transcription was induced in response to IPTG. Thus, each
protein was tagged with an identical epitope (GFP) that could
be used to monitor protein levels upon induction. A minor
complication was that the GFP tag itself moderately reduced
the ability of the proteins to promote polar septation. Thus, the
SpolIE-GFP fusion protein promoted the formation of polar
septa at a frequency of 12% compared to 21% for untagged
SpollE. Nevertheless, the ability of SpolIE-GFP to promote
polar division was robust (well above background), and the
GFP tag seemed to affect all of the mutant proteins tested in a
commensurate manner (data not shown).

Immunoblot analysis was carried out with lysates from
IPTG-treated cells using anti-GFP antibodies. A background
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FIG. 2. Immunoblots of GFP-tagged SpollE derivatives during
vegetative growth and sporulation with anti-GFP antibodies. (A) SDS-
polyacrylamide gel electrophoresis Western blot of lysates prepared
from vegetative cells uninduced (SB220) or induced with 0.5 mM
IPTG (SB220 [wild-type SpollE-GFP], SB414 [SpolIES**'F.-GFP],
KC507 [SpolIE®*¥3A.GFP], KC552 [SpolIEP***A-GFP], KC506
[MalF-SpolIE-GFP], SB221 [SpollE*™¢""-GFP], KC542 [SpolIE~™¢!-
GFP]) and probed with anti-GFP antibodies (upper panel) and anti-o*
antibodies (lower panel). (B) SDS-polyacrylamide gel electrophoresis
Western blot of lysates prepared from cells harvested 2 h after the start
of sporulation (KC544 [wild-type SpolIE-GFP], KC545 [SpolIES*¢!F-
GFP], KC546 [SpollIE?*3*A.GFP], KC547 [SpoIlIEP7**A.GFP],
KC554 [SpolIEP®$A.GFP], KC538 [MalF-SpollE-GFP], KC548
[SpoIIEA™e.GFP], and KC549 [SpolIE*™¢.GFP]) and probed with
anti-GFP antibodies (upper panel) and anti-c* antibodies (lower
panel). In each upper panel the top asterisk indicates the position on
the gel of full-length SpollE-GFP, the middle asterisk marks
SpollEAregl-GFP, and the bottom asterisk marks SpolIEAreglI-GFP.
WT, wild type. Numbers at left represent molecular masses in kilodal-
tons.

of proteolytic fragments was observed for all of the fusion
proteins. Nonetheless, the levels of accumulation of
SpolIES**'F.GFP,  SpolIE?***A.GFP, SpolIEP®**.GFP,
MalF-SpolIE-GFP, and SpolIE*™&"-GFP were approximately
the same as that for SpolIE-GFP (Fig. 2A). These results
indicate that the differences observed between the various
SpollE mutants in their ability to form a polar septum were
due to the nature of the alteration and not to differences in the
levels of the proteins. Only in the case of SpollE*™&"-GFP
was the level of accumulation of the fusion protein significantly
diminished. Our conclusion that region II is important for
promoting polar division is not in jeopardy, however, because
the S361F substitution in region II also impaired polar division
but had no measurable effect on the stability of the fusion
protein (Fig. 2A). Results similar to those of Fig. 2A were also
obtained using anti-SpollE antibodies instead of anti-GFP an-
tibodies (see Fig. S1 in the supplemental material).

Effects on subcellular localization during growth. Next, we
took advantage of the GFP tags to investigate whether the
effect of SpolIE in promoting polar division during growth was
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correlated with its interaction with the cytokinetic machinery.
We assessed this correlation by observing the localization pat-
tern of fluorescence exhibited by each of the fusion proteins.
As expected, GFP fused to the wild-type protein localized to
septa and exhibited ring and spiral-like structures at medial
and polar positions in the cell in keeping with previous obser-
vations (6) (Fig. 3A). MalF-SpolIE-GFP and SpolIE2*%3A-
GFP, both of which promoted polar septum formation as ef-
ficiently as wild-type SpollE-GFP, showed the same
localization pattern as SpolIE-GFP (Fig. 3B and C).
Conversely,  SpoIlIES*°'F.GFP,  SpolIE*™¢".GFP, and
SpolIEP*¥A_GFP, which were all impaired in promoting polar
septation, did not exhibit discrete patterns of subcellular local-
ization. SpollE*"¢"-GFP, which was severely impaired in pro-
moting polar septation, appeared completely diffuse and unlo-
calized (Fig. 3F). SpolIES**'F-GFP and SpollEP®**A.GFP,
which were strongly, but not completely, impaired in promot-
ing polar septation, appeared largely diffuse, but occasional
enrichment at potential sites of division could be seen (Fig. 3D
and E). The enrichment of the GFP signal was observed only
at medial division sites in these mutants, consistent with the
observation that they formed polar septa inefficiently. We con-
clude that the capacity of SpolIE to promote polar division
correlates significantly with its capacity to associate with the
cytokinetic machinery of the cell.

A striking and interesting exception to this correlation was
the case of SpollE*"¢-GFP, which promoted polar septation
as efficiently as did SpolIE-GFP but did not exhibit a discrete
pattern of subcellular localization (Fig. 3G). Rather, it exhib-
ited a diffuse pattern of fluorescence, although in some cells
enrichment at a division site, either medial or polar, could be
seen. Also, in some cells a punctate pattern could be seen,
which could indicate an association with a spiral of FtsZ (ar-
rowheads, Fig. 3G). We interpret these results to indicate that
region I or membrane association is necessary for a stable
association of SpolIE with the cytokinetic machinery. None-
theless, as long as regions II and III are intact, SpollE can
interact, if only transiently, with FtsZ, and this interaction is
sufficient to promote polar division. The localization during
growth of each GFP-tagged protein is summarized in Table 2.

Interestingly, mutants of SpolIE-GFP that failed to localize
at division sites demonstrated a diffuse pattern of fluorescence
in the cytoplasm rather than uniform membrane localization,
as might have been expected for mutants with an intact mem-
brane region, such as SpolIES**'*.GFP and SpolIEP®84.
GFP. The immunoblot analysis argues that the cytoplasmic
fluorescence was not a result of degradation and release of
soluble GFP-containing fragments because similar degradation
patterns were observed for the localized wild-type and mutant
proteins and the unlocalized mutants (Fig. 2A). A possible
explanation for the apparent cytoplasmic localization of the
mutant fusion proteins comes from experiments in which cells
were depleted of FtsZ. The results show that wild-type SpolIE-
GFP also exhibited diffuse cytoplasmic fluorescence in cells
deficient for the cytokinetic protein (see Fig. S2 in the supple-
mental material). We hypothesize that interaction with FtsZ is
required for proper membrane insertion of SpollE and that
the mislocalization of SpolIES**'F.GFP and SpolIEP®%¢4.
GFP during vegetative growth was a consequence of impaired
interaction with FtsZ.
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Effects during sporulation. As explained above, the contri-
bution of SpollE to polar division during sporulation is par-
tially masked by a sporulation-specific increase in FtsZ levels.
We nevertheless attempted to investigate the effects of the
mutant proteins described above during sporulation by creat-
ing strains containing the mutant alleles under the control of
the normal sporulation-specific promoter for spollE in place of
the wild-type spollE gene. To uncouple the contribution of
spollE to polar division from its role in activation of oF, a
deletion of the spollA operon was introduced into the strains,
thereby removing the gene for o™ as well as the gene for the
substrate (SpolIAA-P) of the SpollE phosphatase. For each
mutant strain we determined the number of cells that had
formed at least one polar septum (cells that lack ¢ activity are
disporic and frequently produce two polar septa) (20). Under
our conditions, about 60% of the cells producing wild-type
SpollE formed at least one polar septum by 150 min after the
start of sporulation. Cells lacking the spollE gene were only
modestly impaired in polar division, with about 30% of the
mutant cells exhibiting a polar septum by 150 min. Therefore,
as expected, sporulation provided only a narrow range within
which to assess the effects of the mutant SpollE proteins on
polar division. The spollE-D746A strain and the spollE-Q483A
strain behaved similarly to the wild-type control with respect to
polar septation during sporulation, consistent with their wild-
type-like behavior in the vegetative growth assay. The spollE-
S$361F strain appeared to be delayed in polar septation—fewer
cells had formed polar septa after 90 min compared to the
wild-type control. However, by 150 min the same percentage of
SpolIES**'F_producing cells as of the wild-type control had
formed polar septa. The strains that appeared the most se-
verely impaired in polar septum formation were the spollE-
Aregl, spollE-Aregll, malF-spollE, spollE-D686A, and spollEA
strains. These results are summarized in Fig. 1B (lower graph).

The defects of SpolIES**'F SpoIlIEP¥°A and SpolIEAre!
in promoting polar septation during sporulation are consistent
with the defects seen during the vegetative growth assay for
polar septation. Interestingly, SpolIE*™¢" and MalF-SpollE
promoted polar septation with high efficiency during vegetative
growth but were somewhat impaired in promoting polar sep-
tation during sporulation. This could indicate that there are
subtle aspects to the requirements for polar septum formation
during sporulation that are not fully mimicked in cells engi-
neered to produce SpollE during growth.

Revisiting the role of region I in the localization of SpolIE
to the polar septum during sporulation. The finding that a
mutant form of SpollIE in which region I was replaced with the
first two membrane-spanning segments of MalF (MalF-
SpolIE) localized to septa with high efficiency during growth
prompted us to reinvestigate the subcellular localization of the
hybrid protein during sporulation. In previous work we had
observed a pattern of localization to the cytoplasmic mem-
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brane in sporulating cells producing the MalF-SpollE-GFP
hybrid protein. Such cells activate ¢* prematurely and at an
abnormally high level and are blocked in asymmetric division
(23). It therefore seemed possible that the observed localiza-
tion of the hybrid protein to the cytoplasmic membrane was an
indirect consequence of the effect of premature o activity
blocking the formation of polar septa. Accordingly we intro-
duced a spollA deletion mutation into a strain in which pro-
duction of MalF-SpolIE-GFP was under sporulation control.
In such cells MalF-SpolIE-GFP localized to polar division sites
rather than to the cytoplasmic membrane (Fig. 4B). Evidently
a heterologous membrane-spanning segment can substitute for
region I in allowing SpollE to localize to the polar septum.
Only when production of polar septa is blocked (e.g., by ab-
normally high levels of ¢¥ activity) does the hybrid membrane
protein localize, by default, to the cytoplasmic membrane.

When region I was removed but not replaced with a heter-
ologous membrane-spanning segment (i.e., SpolIE*™&"-GFP),
a diffuse pattern of localization throughout the cytoplasm was
observed (as had been seen when SpollE*™¢-GFP was pro-
duced during growth) with occasional enrichment at sites of
polar septation (Fig. 4G). We conclude that the membrane-
spanning segments of region I help to stabilize the association
of SpollE with the septum and/or to FtsZ rings but play no
measurable role in helping SpollE to distinguish septal mem-
branes from the cytoplasmic membrane.

Finally, we address the question of why MalF-SpolIE-GFP
causes o* to become activated prematurely and at abnormally
high levels. A possible explanation is provided by the immu-
noblot analysis of Fig. 2B. As can be seen in Fig. 2B, MalF-
SpolIE-GFP accumulated to a significantly higher level during
sporulation than did a fusion of GFP to wild-type SpollE (or
fusions to any of the other proteins examined). It is known that
the timing and level of activation of o™ are sensitive to the ratio
of SpolIE to SpolIAB, which have opposing roles in determin-
ing the phosphorylation state of SpolIAA (19). We therefore
suppose that altering the N-terminal region of SpollE (by
replacing region I with part of the membrane-spanning region
of MalF) had stabilized the protein or otherwise led to its
accumulation at higher-than-normal levels. This interpretation
is consistent with the observation that overexpression of spolIE
causes predivisional o activity (2), as do mutants of spollE
that stabilize the protein (13).

Effects of alterations to regions II and III on subcellular
localization during sporulation. We also examined the subcel-
lular localization during sporulation of the other mutant pro-
teins investigated in this study. SpolIEP®***-GFP and
SpollE*™e"_GFP behaved similarly to SpolIEA™&-GFP: they
appeared largely in the cytoplasm with occasional instances of
enrichment at the polar sites (Fig. 4E and F). In contrast,
SpolIE®*$3A.GFP was largely indistinguishable from SpolIE-
GFP in its pattern of localization. In toto, these results are

FIG. 3. Localization of GFP-tagged derivatives of SpollE mutants during vegetative growth. SB220 (wild-type SpolIE) (A), KC506 (MalF-
SpolIE) (B), KC507 (SpolIE®*34) (C), SB414 (SpolIE>**'F) (D), KC552 (SpolIEP®**A) (E), SB221 (SpollEA™eM) (F), and KC542 (SpolIEA™eh)
(G) were grown in hydrolyzed casein medium supplemented with 0.5 mM IPTG for 3 h (see Materials and Methods), and the GFP (left panels)
and membrane stain (middle panels) were visualized by fluorescence microscopy. Right panels are overlays of GFP (green) and membrane stain
(red). Arrowheads in panel G mark punctate spots of fluorescence that may indicate spiral-like structures.
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FIG. 4. Localization of GFP-tagged derivatives of SpollE mutants during sporulation in spolI4AA backgrounds. KC544 (wild-type SpollE) (A),
KC538 (MalF-SpolIE) (B), KC546 (SpolIEX*34) (C), KC545 (SpollES**'F) (D), KC554 (SpolIEP4) (E), KC548 (SpolIE*™e") (F), and KC549
(SpolIE*™&!) (G) were sporulated by resuspension (see Materials and Methods), and the GFP (left panels) and membrane stain (right panels) were
visualized by fluorescence microscopy 2 h after the initiation of sporulation.
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consistent with the subcellular localization results that we had
obtained with these fusion proteins during growth and rein-
force the view that regions II and III play a critical role in the
proper localization of SpollE.

We do, however, note one discrepancy. SpollES**'F-GFP
exhibited a normal (wild-type) pattern of localization in sporu-
lating cells (as reported previously), even though (as we have
seen) it was defective in localizing to division sites when pro-
duced in growing cells. We suppose that the S361F substitution
weakens but does not totally abolish the interaction of region
II with FtsZ. Perhaps the accumulation of FtsZ to high levels
during sporulation helps to compensate for this weakened in-
teraction. The localization during sporulation of each GFP-
tagged protein is summarized in Table 2.

Summary. Taking advantage of a robust system for inducing
asymmetric division during growth in a SpollE-dependent
manner, we have tested a battery of mutants to identify fea-
tures of the sporulation protein that are important for its
ability to promote polar septum formation. Our findings com-
plement and extend those of Lucet et al., who obtained bio-
chemical evidence for a direct interaction between region II
and FtsZ (28). In addition, our results implicate region III,
although not the phosphatase function of region III, in polar
division. Interestingly, and unexpectedly, our data indicate that
the multipass, membrane-spanning domain of SpollE plays
little or no role in polar division. Thus, our results are incon-
sistent with models of SpollIE action in which the sporulation
protein facilitates polar Z-ring formation by anchoring the
spiral intermediate to the inside surface of the cytoplasmic
membrane. Finally, we have provided an explanation for the
puzzling behavior of a chimeric form of SpollE (MalF-SpollE-
GFP) that was known to cause excessive and premature o"
activation. Important challenges for the future will be to elu-
cidate the detailed nature of the interaction of the interaction
of regions II and III with FtsZ and how this interaction pro-
motes the switch to polar Z-ring formation.
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