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Shortly after the synthesis of the two cells required for sporulation
in Bacillus subtilis, the membranes of the larger mother cell begin
to migrate around and engulf the smaller forespore cell. At the
completion of this process the leading edges of the migrating
membrane meet and fuse, releasing the forespore into the mother
cell cytoplasm. We developed a fluorescent membrane stain-based
assay for this membrane fusion event, and we isolated mutants
defective in the final stages of engulfment or membrane fusion. All
had defects in spolllE, which is required for translocation of the
forespore chromosome across the polar septum. We isolated one
spolllE mutant severely defective in chromosome translocation,
but not in membrane fusion; this mutation disrupts the ATP /GTP-
binding site of SpolllE, suggesting that ATP binding and hydrolysis
are required for DNA translocation but not for the late engulfment
function of SpolllE. We also correlated relocalization of SpolllE-
green fluorescent protein from the sporulation septum to the
forespore pole with the completion of membrane fusion and
engulfment. We suggest that SpollIE is required for the final steps
of engulfment and that it may regulate or catalyze membrane
fusion events.

An early step in the Bacillus subtilis sporulation pathway,
asymmetric cell division, creates the small forespore and
larger mother cell. Soon after this polar division, mother cell-
and forespore-specific o factors direct the transcription of genes
required for the next stage of sporulation, engulfment, during
which the mother cell membranes move up and around the
forespore, finally meeting and fusing, thereby releasing the
forespore into the mother cell cytoplasm (see Fig. 14). After
engulfment, the spore completes development within the mother
cell and is released after mother cell lysis (reviewed in ref. 1).
Five proteins have been implicated in engulfment, four of which,
SpolID, SpolIM, SpolIP, and SpolIB, are involved in degrada-
tion of septal peptidoglycan at the onset of engulfment [see Fig.
14, stages II; to II; (2-5)]. Mutants lacking SpolID, SpolIM, or
SpollIP fail to initiate membrane migration, and the forespore
breaks through the septum, bulging into the mother cell. Simi-
larly, spolIB mutants initially show bulging of the forespore into
the mother cell; however, they are able to degrade the septal
peptidoglycan in an uncoordinated manner and complete en-
gulfment, producing viable spores (A. R. Perez, personal com-
munication). The fifth protein, SpolIQ, appears to function
during the late stages of engulfment (6), although more recent
work suggests that SpollQ is only conditionally required for
engulfment (Y. L. Sun, personal communication).

We performed genetic and visual screening to isolate addi-
tional engulfment mutants. The visual screening relied on the
fluorescent stain FM 4-64, which allows visualization of mem-
brane movement throughout engulfment (7), and which provides
an assay for membrane fusion at the completion of engulfment
(described below). Our screen yielded a variety of engulfment
mutants, but we were particularly interested in those that had
very late engulfment or membrane fusion defects. These mutants
could give us new insight into late stages of membrane migration
and also into how engulfment is coupled to the activation of

postengulfment transcription factors (1). Finally, in contrast to
eukaryotic systems, little is known about the mechanism of
membrane fusion in bacteria, a process that might be elucidated
by such late engulfment mutants. We isolated several mutants
defective in the very last stages of membrane migration or in
membrane fusion, all of which mapped to the well-characterized
spollIE gene.

SpollIE is one of a family of conserved proteins including
Escherichia coli FtsK, a bifunctional protein essential for both
cell division and chromosome segregation (8—11). SpolIIE is
required to translocate the forespore chromosome across the
polar septum during sporulation (12) and, like FtsK, can free
chromosomes trapped in vegetative septa (13). We present
evidence of a second, distinct, function for SpoIIIE in the final
steps of engulfment or membrane fusion.

Methods

Strains, Growth Conditions, and Membrane Fusion Assay. Sporula-
tion was induced by resuspension (14) unless otherwise noted. In
the fusion assay, 0.5 ml of sporulating cells were pelleted and
resuspended in 0.11 ml of the original culture medium; 2 ul of
this cell suspension was placed on a slide and mixed with 1 ul of
a stain mix containing 5 ug/ml FM 4-64, 1 ug/ml 4’,6-diamidino-
2-phenylindole (DAPI), and 30 ug/ml MitoTracker Green FM
(MTG) (all from Molecular Probes) diluted in sporulation salts.
The cells were immobilized and images were collected with an
optical sectioning, deconvolution microscope using standard
rhodamine, DAPI, and fluorescein filter sets, as described (7).
Strains used for this work are PY79 (15) derivatives: KP92
(spolIIE36) (12), KP141 (AspollIE::spc) (16), KP158
(AspollIE::neo), KP209 (thrC::sspE(2G)lacZOtet; a gift of P.
Stragier, Institute Pasteur), KP211 (AspolllE::spc, thrC::
sspE(2G)lacZOtet), KP213 (spollIE36, thrC::sspE(2G)lacZ et ),
KP502 (cotC:ispc), KP503 (spollIG*Qspc), KP527
(A(spo0J-soj)::spc), KP537 (spolllIE73-11-gfpQspc), KP538
(spollIE36-gfpQspc), KP539  (spolllE73-11, thrC::
sSpE(2G)lacZQtet), KP540 (AspolllE::neo, A(spo0-soj)::spc),
KP541 (spollIE73-11), KP542 (spolllE-gfpQspc), KP554 (sspB-
lacZQcat, cotE-gfpQkan) (17, 18), KP555 (thr::cotD-lacZQmils,
cotE-gfpQkan; the lacZ fusion was a gift of C. D. Webb and R.
Losick), KP556 (thr::cotD-lacZQumls, cotE-gfpQkan, amyE::cat),
KP557 (thr::cotD-lacZQmls, cotE-gfpQkan, amyE::cat,
spollIE::spc). E. coli strain KJ622 (TG1, pcnB uvc24-1) was used
for cloning.

Mutagenesis and Screening. KP554 and KP555 cells were grown in
LB to an ODggo = 0.5 then mutagenized at 30°C for 30 min with
nitrosoguanidine (80 ug/ml) as described in ref. 19, except that
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cells were washed with citrate buffer and allowed to recover in
LB at 37°C for 1 hr, yielding ~50% killing. The cells were plated
at a density of 300—400 colonies per plate on DS medium (Difco)
containing 40 pg/ml magenta phosphate and 60 pg/ml 5-bromo-
4-chloro-3-indolyl B-D-galactoside (X-Gal) and incubated for
1-2 days at 37°C, and colonies that produced alkaline phospha-
tase (which were pink) but failed to activate 0© or o® (which
were not blue) were purified on LB. The plate phenotypes were
confirmed, and each mutant was sporulated by nutrient exhaus-
tion in overnight DS liquid cultures at 30°C and 37°C, stained,
and microscopically screened as described in Results and Dis-
cussion. Mutations of interest were congressed (see below) into
an unmutagenized background before further characterization
(20).

Mapping of spolllE Mutations. Phage PBS1 transducing lysates
were grown on KP502 and KP503 as described (20). These strains
carry spectinomycin resistance markers at 168° and 135° on the
B. subtilis chromosome, respectively, which flank spolIlE (142°).
Membrane-fusion-defective mutants were transduced with these
lysates, selecting for spectinomycin resistance. All yielded Spo™
transductants when transduced with these phage, indicating that
the mutations were near spollIE.

We confirmed that the mutations were in the spolllE gene by
exploiting the phenomenon of congression, whereby B. subtilis
cells, during transformation, will incorporate unselected DNA
into their chromosome, at low frequency, in addition to an
unlinked selected marker. We transformed fusion-defective mu-
tants with either KP556 (amyE::cat) or KP557 (amyE::cat,
AspollIE::spc) chromosomal DNA, selected for chlorampheni-
col resistance, and screened for Spo* transformants. With
KP556 donor DNA, 5-10% of transformants were Spo™, indi-
cating that the wild-type gene had been introduced by congres-
sion and was able to rescue the sporulation defect. However, with
KP557 (AspolllE::spc) donor DNA no Spo* transformants
occurred, indicating that the donor DNA was unable to rescue
the sporulation defect, suggesting that all of the mutants had
mutations in spollIE. Similar rescue experiments with other spo
mutants (i.e., spolID) showed an identical frequency of rescue
with both donor DNA preparations. Finally, the entire
spollIE73-11 gene was sequenced by using automated fluores-
cent sequencing, from a PCR template produced with the
primers GCC TGT AAA CGG CTG CTT TC and GCA TCG
GCT CGA GAG AAG AGA GCT CAT CAT ATT TCT C,
which amplify the spolIIE gene, revealing a single G-to-A change
at nucleotide 1399, numbered from the first base of the spolllIE
initiation codon.

Construction of SpolllE-Green Fluorescent Protein (GFP) Fusion Pro-
tein. We created our SpolIIE-GFP fusion protein by using the
vector pPL52 (gift of P. Levin, Massachusetts Institute of
Technology), which contains a spectinomycin-resistance gene
for selection in B. subtilis, and unique EcoR1 and X#hol restriction
sites in front of the gfp gene (mutant S58T). We amplified 500
bp at the 3’ end of spollIE by using the PCR primers CCT GTG
GAG AAT TCC GTT CAG CGT ATC TTC ACA GA and GCA
TCG GCT CGA GAG AAG AGA GCT CAT CAT ATT TCT
C (boldface indicates the two restriction sites). This fragment,
when ligated into pPL52, replaced the stop codon of spollIE with
the in-frame gfp gene, encoding a SpolIIE-GFP fusion protein.
This construct was integrated onto the B. subtilis chromosome by
a single recombination replacing spolllE with spolllE-gfp. We
confirmed that spollIE-gfp produced a functional gene product
by performing a fusion assay during sporulation and by assaying
for heat-resistant spores (not shown). GFP fusions to the mu-
tants spollIIE36 and spollIE73-11 were made by transforming
mutant strains with wild-type spolllE-gfp chromosomal DNA,
selecting for spectinomycin resistance, screening for the rare
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Spo~ colonies, and confirming that these had the same mem-
brane fusion phenotype as the original strains.

Visualization of SpolllE-GFP with FM 4-64. FM 4-64 fluoresces faintly
green in addition to its strong red fluorescence, so we could not
add FM 4-64 to cell suspensions when visualizing SpoIlIIE-GFP.
To perform the FM 4-64-based membrane fusion assay at the
same time we followed SpolllE localization, we first collected
images of SpolIIE-GFP and chromosomes, then performed the
membrane fusion assay on the slide. We stained cells with DAPI
at 0.3 pg/ml and immobilized them with a poly(L-lysine)-treated
coverslip placed slightly off center so that approximately 2-3 mm
of the coverslip projected from the edge of the slide. When this
slide was then mounted on an inverted microscope the coverslip
served as a ledge to which we could add 5 ul of a stain mix
containing 5 pg/ml FM 4-64 and 30 ug/ml MTG. This mixture
required 5-15 min to diffuse under the coverslip and stain the
cells.

Preparation and Staining for Inmunofluorescence. Cells were essen-
tially treated as described (16) except that we used 0.5 mg/ml
lysozyme for permeabilization, polyclonal rabbit anti-GFP pri-
mary antibodies (CLONTECH, 1:10,000 dilution), and Oregon
green-conjugated anti-rabbit secondary antibodies (Molecular
Probes, 2.5 pg/ml). Samples were equilibrated in Slow Fade
(Molecular Probes) containing 0.2 pg/ml DAPI and 5 pg/ml
FM 4-64. We found that FM 4-64 rapidly bleached by ultraviolet
light in fixed cells. Therefore, before collecting images of Oregon
green fluorescence we bleached the FM 4-64, using the DAPI
filter set to ensure that there was no FM 4-64 fluorescence
remaining, which might otherwise be visualized together with
Oregon green.

B-Galactosidase Assay. 3-Galactosidase assays were performed as
described (16, 19).

Results and Discussion

Assay for Membrane Fusion During B. subtilis Sporulation. The fusion
assay relies on the fact that FM 4-64 intercalates into the outer
surface of biological membranes but is unable to cross the lipid
bilayer, therefore only membrane surfaces directly exposed to
FM 4-64 will stain. During engulfment, both the mother cell and
forespore membranes are accessible to FM 4-64; however, once
engulfment and membrane fusion are complete, the two mem-
branes surrounding the forespore are isolated from the external
environment. Thus, after membrane fusion at the completion of
engulfment, only the mother cell cytoplasmic membrane stains
with FM 4-64, while the forespore membranes remain unstained
(Fig. 1B right cell, red). However, if the engulfing membranes fail
to fuse at the cell pole, the forespore membranes will stain with
FM 4-64 (Fig. 1B, left cell). We used a second, membrane-
permeant, stain (MTG) to visualize fully engulfed and fused
sporangia (Fig. 1B right cell, green). As shown in Fig. 1 C-E, the
fusion assay differentiates cells at the stage of polar septation
(arrow 1) from those in the process of engulfment (arrow 2) and
allows us to separate those cells that have not yet completed
membrane fusion (arrow 3) from those that have (arrow 4).
Although the fusion assay relies on fluorescence microscopy, it
directly probes the continuity of the mother cell and forespore
membranes, providing a physical assay for the completion of
engulfment.

Using this fusion assay, we followed membrane movement and
fusion throughout sporulation in wild-type B. subtilis, taking
samples every 15 min, starting 90 min after the onset of
sporulation (= 1 5). Consistent with published results (7, 21), we
found that sporangia that had completed membrane migration
but not fusion began to appear about 90 min after the onset of
sporulation. These sporangia display uniformly bright FM 4-64
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AspolllE  spolllE73-11

(A) Stages of engulfment, showing completion of chromosome translocation and polar septation (I-11;), early engulfment (Il;), membrane movement
across the cell pole (Il;), and a stage of engulfment newly defined here, mother cell membrane fusion (lliy). The two cells at the right illustrate the proposed defects
in AspolllE and spolllE73-11. (B) Schematic of the membrane fusion assay. Red lines represent membranes stained with FM 4-64 and MTG, green lines indicate

membranes stained with MTG only, and blue lines show DAPI staining of chromosomes. (C-N) Sporangia of PY79 (C—F), KP141 (G-J), and KP541 (K-N) stained
with FM 4-64 (C, G, and K), MTG (D, H, and L), and DAPI (F, J, and N) 3 hr after the initiation of sporulation (t3); E, I, and M are an overlay of FM 4-64 and MTG

Fig. 1.

but have not yet completed membrane fusion as shown by the FM 4-64 (C, G, and K) and MTG (D, H, and L) staining. Finally, arrows 4, 7, and 8 indicate sporangia
that have completed membrane movement and fusion; only the mother cell membranes stain with FM 4-64 (C and K), but MTG stains both the forespore and
mother cell membranes (D and L). The reduced forespore chromosome content of spolllE mutants can be seen in N and J (arrows 5-8). F shows that after the
completion of membrane fusion the forespore chromosome stains less intensely with DAPI in wild-type sporangia (compare arrows 3 and 4). (White bar in Cis
2 um.)

staining around the forespore (Fig. 1C, arrow 3), in contrast to
engulfing sporangia, which show a gap in the FM 4-64 fluores-
cence (Fig. 1C, arrow 2). We occasionally observed asymmetric
engulfment (=15% of sporangia), where the membranes meet
on one side of the forespore (not shown). Fully fused sporangia
(Fig. 1C, arrow 4), appear about 15 min after the completion of
membrane migration (see supplemental Fig. 54 for quantitation
at www.pnas.org), a delay that may reflect either the limited

Visual Screen for Engulfment Mutants. The known engulfment
mutants have defects in activation of two post-engulfment sigma
factors, 0@ and o® (1), and it seemed likely that new engulfment
mutants would have a similar defect. Therefore, we screened for
new engulfment mutants with two enzymatic reporters, one
expressed at the onset of sporulation, alkaline phosphatase, and
another expressed after the completion of engulfment, either

resolution of the light microscope (which makes it difficult to
distinguish between sporangia that have completed membrane
migration and those that have not) or an actual delay in
membrane fusion after the completion of membrane movement.

Sharp and Pogliano

sspB-lacZ (under the control of %), or cotD-lacZ (under the
control of o). We screened ~20,000 mutagenized colonies and
isolated 660 mutants defective in ¢© or o activation, some of

which were defective in engulfment or membrane fusion. To

PNAS | December7,1999 | vol.96 | no.25 | 14555

MICROBIOLOGY



Fig. 2.

SpolllE-GFP localization (B and C, green) in KP542 sporangia stained with FM 4-64 (A and B, red) and DAPI (C and D, blue) at t3. SpolllE initially localizes

to the polar septum (arrow 1), then moves with the engulfing membranes (arrow 2) to the cell pole just before membrane fusion (arrow 3), where it remains
after fusion is complete (arrow 4) until the protein delocalizes (arrow 5). (White bar in A is 2 um.) A larger field can be seen in supplemental Fig. 6 at

WwWWw.pnas.org.

identify such mutants, we performed a visual screening in the
fluorescence microscope, using the membrane fusion assay
described above. We employed a oF-controlled cotE-gfp fusion
to ensure that strains with an apparent engulfment defect were
not simply delayed in the onset of sporulation. While CotE-GFP
is synthesized shortly after polar septation, it becomes brightly
fluorescent only after the completion of engulfment in wild-type
sporangia. Engulfment-defective mutants show brightly fluores-
cent GFP in sporangia that have failed to complete engulfment.
In addition to several classes of mutants defective in various
stages of engulfment (to be described elsewhere), we identified
six mutants with defects in the final steps of engulfment. All six
mutations mapped to spollIE (Methods).

These results led us to test a AspollIE mutant to see whether
it exhibited a late engulfment defect. By f3;, the forespore
membranes of most AspollIE mutant sporangia were stained by
both FM 4-64 and MTG (Fig. 1 G-I, arrow 5), with only 0.7%
of AspolllE mutant sporangia having completed membrane
fusion (versus 50% in wild type). By #4 only 0.3% were fused
(versus 74% in wild type). We also noted that AspollIE strains
had a consistent delay in the completion of membrane move-
ment around the forespore, as by 3, only 22% of AspolllE
mutant sporangia showed complete membrane migration (Fig.
1G; versus 61% in wild type), as further discussed below (see
supplemental Fig. 5B at www.pnas.org for quantitative data).
The chromosome translocation defect characteristic of spolllE
mutants is evident by comparing the DAPI staining of wild-type
sporangia (Fig. 1 F, arrows 2 and 3) to that of AspolIIE sporangia
(Fig. 1J, arrow 5); a similar phenotype is seen in all of the
late-engulfment mutants we isolated.

In addition to a chromosome translocation defect, AspollIE
strains show aberrant compartmentalization of both of and oF
(12, 16), which could be responsible for the late-engulfment
defect of the AspollIE strain. To test whether this was the case,
we performed a membrane fusion assay on the well character-
ized spollIE36 mutant, which shows normal compartmentaliza-
tion of of and oF activities but still displays defective chromo-
some translocation (16, 22). This mutant also has a late engulf-
ment defect, with 5% of sporangia having fused by #3, and 15%
fused by #4, but no apparent delay in the rate of membrane
migration, with 62% of sporangia showing a fully engulfed but
unfused phenotype by #3 (supplemental Fig. 5B at www.
pnas.org). Therefore, the defect in ¢F and oF compartmental-
ization in AspolIIE mutants may delay membrane movement, but
it is not responsible for the late-engulfment defect.

The Roles of SpolllE in DNA Translocation and Late Engulfment Are

Separable. The failure of spolIlE mutants to complete membrane
fusion at the end of engulfment may be a secondary consequence
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of the lack of a complete chromosome in the forespore. The final
stages of engulfment or membrane fusion may require forespore
expressed genes located on the origin-distal part of the chro-
mosome, which fail to enter the forespore in a spolllE mutant,
and which therefore cannot be expressed. We addressed this
possibility three ways.

First, we identified a spollIE mutant from our library,
spollIE73-11, on the basis of the characteristic spolIIE chromo-
some translocation defect (Fig. 1N arrows 6—8), that was capable
of completing engulfment and membrane fusion (Fig. 1 K-M,
arrows 7 and 8). By 3, 21% of spollIE73-11 sporangia have
completed engulfment and membrane fusion. This frequency
rises to 46% 1 hr later (vs. 74% in wild type). Thus spollIE73-11
mutant sporangia complete membrane fusion better than
spollIE36 and AspolllIE, although at a decreased rate relative to
wild type.

The increased ability of spollIE73-11 mutants to complete
membrane fusion in comparison to other spolllE mutants may
be a result of a subtle difference in the chromosome transloca-
tion defect. If a gene involved in membrane fusion lies just
outside the origin-proximal 30% of the chromosome normally
present in the forespore in spolllE mutants, then a slight increase
in the amount of chromosomal DNA translocated into the
forespore could have a significant impact on the efficiency of
membrane fusion. To test this possibility we evaluated expres-
sion of the forespore-specific oF-transcribed sspE(2G)-lacZ fu-
sion integrated at the thrC locus, which is just outside the
origin-proximal 30% of the chromosome, but which, infre-
quently, enters the forespore in spolIIE mutants (23). Strains
bearing this fusion along with either spollIE36 or spollIE73-11
showed a low, but detectable, level of B-galactosidase activity
(10.9 and 11.4 units, respectively, vs. 720 units in wild type at #3 5,
and 3.5 units in a strain without a lacZ fusion). In contrast, a
AspollIE mutant, in which ¢ becomes active in the mother cell,
showed a high level of B-galactosidase activity with this fusion
(530 units at #35). We also confirmed that the lacZ fusion was
being expressed specifically in the forespore in both spollIE36
and spollIE73-11 mutants by using immunofluorescence micros-
copy (not shown). Thus, it appears that the increased ability of
spollIE73-11 mutants to complete membrane fusion is not due
to a difference in the DNA translocation defect. This result
suggests that the chromosome translocation and membrane
fusion functions of SpollIE are (at least somewhat) separable.

To further explore the possibility that the chromosome trans-
location defect is directly responsible for the late engulfment
defect of spolIIE mutants, we employed a A(spo0J-soj) mutant.
Previous work has shown that the A(spo0J-soj) mutant allows
origin-distal regions of the chromosome to enter the forespore
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in spollIE mutant sporangia (24). This is likely because of the
increased chromosome copy number of A(spo0J-soj) mutants at
the onset of polar septation, which thereby traps random chro-
mosomal regions in the forespore, along with the origin-proximal
portion (25). If the late-engulfment defect of AspollIE mutants
is due to the absence of origin-distal genes from the forespore,
then A(spoOJ-soj) AspolllE sporangia should complete mem-
brane fusion at an increased frequency, similar to that seen for
the expression of origin-distal oF promoters in this background,
approximately 5% (24). We screened more than 800 A(spo0J-soj)
AspollIE sporangia for completion of engulfment and mem-
brane fusion at #3, and we saw no change in the frequency of
membrane fusion. We also confirmed that the A(spo0J-soj)
mutation itself had no affect on engulfment or membrane fusion.

Taking the following three results together, a spollIE mutant
capable of completing the membrane fusion event at the end of
engulfment at high efficiency but unable to translocate its
chromosome into the forespore, the apparently identical chro-
mosome translocation defect in spollIE36 and spollIE73-11
mutants, and the observation that there is no change in the
late-engulfment phenotype in Aspoll[E mutants bearing the
A(spo0J-soj) mutation, suggests that SpollIIE has two functions
during sporulation: DNA translocation during polar septation
and some role in the completion of engulfment or membrane
fusion. These results also indicate that the third stage of engulf-
ment, movement of the mother cell membranes across the
forespore pole, is composed of two separate steps, membrane
movement across the pole (Fig. 14 II;;) and membrane fusion
(Fig. 14 II;,), which requires SpolIIE.

Relocalization of SpolllE Protein to the Cell Pole Correlates with
Membrane Fusion. Previously, immunofluorescence microscopy
was used to demonstrate that SpolIIE initially localizes between
the forespore and mother cell chromosomes, presumably in the
middle of the polar septum, and then relocalizes to the pole of
the sporangium (26), where it could play a role in the final steps
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Fig. 3. Correlation of stage of engulfment with SpolllE-GFP localization.
Membrane morphology: class A, polar septation (Fig. 1C, arrow 1); class B,
<50% forespore engulfment, membranes have migrated <50% around the
forespore chromosome; class C, >50% forespore engulfment (Fig. 2A, arrow
2); class D, apparently engulfed but not fused (Fig. 2A, arrow 3); and class E,
engulfed and fused (Fig. 2A, arrow 4). Localization of SpolllE-GFP (green;
chromosomes in black): I, at polar septum; Il, <50% around the forespore; IlI,
>50% around the forespore; 1V, localized to the cell pole; and V, delocalized.
The values in the table represent the percentage of sporangia at a given stage
of engulfment showing the indicated pattern of SpolllE-GFP localization.
Those in boldface reflect the predominant SpolllE-GFP localization pattern(s)
for each stage of engulfment.
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Fig. 4. Cells of KP542 (wild type; A-D), KP538 (spolllE36; E-H), and KP537
(spolllE73-11; I-L) immunostained with anti-GFP antibodies (B, C, F, G, J, and
K, green) FM 4-64 (A, B, E, F, I, and J, red) and DAPI (D, H, and L) at t3. The
predominant staining pattern for each strain is shown; fields are shown in
supplemental Fig. 7 at www.pnas.org. Arrow 1 shows wild-type SpolllE-GFP
completely surrounding the forespore of an engulfed sporangium. Arrow 2
shows the predominant septal immunostaining pattern of SpolllE36-GFP.
Arrow 3 indicates the localization of SpolllE73-11-GFP to a septal focus and in
a crescent at the forespore pole. (White bar in A is 2 um.) (M) Scoring of
SpolllE-GFP localization in fully engulfed sporangia, SpolllE-GFP (black bars),
SpolllE73-11-GFP (green bars), SpolllE36-GFP (blue bars). i, sporangia with a
single focus of fluorescence in the middle of the polar septum; ii, sporangia
with a single focus of fluorescence on the side of the forespore; iii, sporangia
with a single focus of fluorescence at the cell pole; iv, sporangia with two foci
of fluorescence, one at the polar septum and one on the side of the forespore;
v, sporangia with two foci of fluorescence, one at the septum and one at the
cell pole; vi, sporangia with delocalized fluorescence or with more than two
foci. At least 100 fully engulfed sporangia were scored for each strain; values
represent percentages of scored sporangia. More detailed scoring is shown in
supplemental Fig. 7 at www.pnas.org.

of engulfment. To correlate SpollIE localization with the com-
pletion of engulfment, we constructed a C-terminal SpolIIE-
GFP protein. We found that SpolIIE-GFP initially localized to
the middle of the sporulation septum (Fig. 2, arrow 1), then
moved as a discrete focus around the forespore usually, but not
always, associated with the leading edge of the engulfing mem-
branes (Fig. 2, arrow 2). When membrane migration was com-
plete, the focus localized to the cell pole (Fig. 2, arrow 3). After
the completion of membrane fusion, the SpolllE complex
remained intact for a short time (Fig. 2, arrow 4) before
delocalizing (Fig. 2, arrow 5).

Scoring of the SpolIIE-GFP localization pattern at different
stages of engulfment and after membrane fusion (Fig. 3; a field
is shown in supplemental Fig. 6, at www.pnas.org) revealed that
66% of sporangia that had completed membrane movement but
not fusion (Fig. 3, class D) had a polar focus of SpolIIE-GFP,
whereas 17% showed a focus near but not at the cell pole, which

PNAS | December7,1999 | vol.96 | no.25 | 14557

MICROBIOLOGY



may reflect sporangia that underwent asymmetric engulfment
(observed in about 15% of all sporangia). Delocalized SpolIIE-
GFP was seen in 32% of sporangia that had completed mem-
brane fusion (Fig. 3, class E), but it was never observed in
sporangia in which membrane fusion was incomplete. Thus,
SpollIE relocalizes to the cell pole before the completion of
engulfment and delocalizes only after membrane fusion is com-
plete.

We predicted that SpolIIE73-11 would show a localization
pattern similar to wild-type SpollIE because it is capable of
completing membrane fusion, whereas SpolIIE36, which is more
strongly defective in membrane fusion, has been shown by
immunofluorescence microscopy to remain at the polar septum
(26). We therefore constructed C-terminal GFP fusions to both
proteins and followed their localization throughout engulfment.
Both SpollIE36-GFP and SpollIE73-11-GFP initially localized
to the polar septum, and failed to relocalize to the forespore pole
during engulfment (not shown). Indeed, we frequently saw
sporangia that had completed membrane fusion with a single
focus of SpolIIE73-11-GFP between the forespore and mother
cell chromosomes.

To explore the possibility that GFP fluorescence alone was
unable to detect all of the SpolIIE-GFP, either because a portion
of the protein was not fluorescent or because it was below the
detection limits of our deconvolution microscope, we localized
both SpollIE73-11-GFP and SpollIE36-GFP by immunofluo-
rescence microscopy using primary antibodies directed against
GFP. Samples were prepared from cultures at #3, at which time
membrane fusion should be ongoing in spollIE73-11 mutant
sporangia. We scored localization of SpoIlIIE-GFP in sporangia
that had completed engulfment by the criterion of FM 4-64
staining; these included both fused and unfused sporangia, which
cannot be distinguished in immunofluorescence microscopy. Of
the wild-type sporangia that had completed engulfment, 50%
showed delocalized SpoIIIE-GFP immunostaining (Fig. 4 A-D,
arrow 1), whereas 25% showed a single polar focus of SpolIIIE-
GFP (scored in Fig. 4M iii, black bar). In contrast, of the
engulfed spolllE36 sporangia, 72% showed a single focus of
SpolIIE-GFP immunostaining at the polar septum (Fig. 4 E-H,
arrow 2; scored in M i, blue bar), although 15% showed an
additional focus or smear of fluorescence at the cell pole that was
not observed by GFP fluorescence alone (Fig. 4M v, blue bars).
In engulfed spollIE73-11 sporangia, 44% had a single focus of
SpolIIE-GFP immunostaining at the polar septum (Fig. 4M i,
green bar), whereas 35% showed an additional focus or smear of
fluorescence at the cell pole (Fig. 4 I-L, arrow 3; M iii and v,
green bars). Both mutants showed a low frequency of sporangia
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with delocalized SpollIE-GFP immunostaining around the fo-
respore (12% for spolllIE73-11, 2% for spollIE36; Fig. 4M vi).
For both mutants the percentage of sporangia with some form
of polar localization pattern (either a discrete polar focus or
delocalized fluorescence) exceeds the frequency of fully fused
sporangia (47% polar localization vs. 33% fusion in fully en-
gulfed sporangia for spollIE73-11, 17% vs. 8% for spollIE36),
which is consistent with localization of SpolIIE to the cell pole
preceding membrane fusion. Therefore, it appears that both
mutant proteins can localize to the cell pole, although
SpolIIE73-11 does so more efficiently.

Sequence Analysis of SpolllE73-11. We sequenced the entire coding
region of spollIE73-11 and found a single base change, which
resulted in the replacement of the first conserved glycine residue
of the Walker A ATP/GTP-binding site by serine (G467S). This
residue is highly conserved among homologues of SpollIE, and
similar mutations in other Walker ATP/GTPases abolish nu-
cleotide binding (27). spolllIE73-11 is severely defective in
chromosome translocation, but not in the completion of engulf-
ment and membrane fusion, suggesting that nucleotide binding
and hydrolysis are essential for chromosome translocation, but
not for the completion of membrane migration or fusion.

Our results suggest that SpollIE is involved in two separate
processes during sporulation: translocation of the chromosome
into the forespore during polar septation and the final step of
engulfment. There are several possibilities for this unanticipated
role of SpollIE in the completion of engulfment. First, SpollIE
may be required for the final stages of membrane migration
around the forespore prior to membrane fusion. Second,
SpollIE could play a direct role in membrane fusion, either
catalyzing or regulating this process. Finally, SpollIE could
localize other proteins required for these processes to the
engulfing membrane. If SpollIE does catalyze membrane fusion
at the completion of engulfment, then it is tempting to speculate
that it serves a similar function at the polar septum, promoting
septal membrane fusion after the completion of chromosome
translocation, possibly serving to coordinate these two processes.
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