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Bacteria lack an endoplasmic reticulum, a Golgi apparatus, and
transport vesicles and yet are capable of sorting and delivering
integral membrane proteins to particular sites within the cell with
high precision. What is the pathway by which membrane proteins
reach their proper subcellular destination in bacteria? We have
addressed this question by using green fluorescent protein (GFP)
fused to a polytopic membrane protein (SpolVFB) that is involved
in the process of sporulation in the bacterium Bacillus subtilis.
SpolVFB-GFP localizes to a region of the sporulating cell known as
the outer forespore membrane, which is distinct from the cyto-
plasmic membrane. Experiments are presented that rule out a
mechanism in which SpolVFB-GFP localizes to all membranes but is
selectively eliminated from the cytoplasmic membrane by proteo-
lytic degradation and argue against a model in which SpolVFB-GFP
is selectively inserted into the outer forespore membrane. Instead,
the results are most easily compatible with a model in which
SpolVFB-GFP achieves proper localization by insertion into the
cytoplasmic membrane followed by diffusion to, and capture in,
the outer forespore membrane. The possibility that diffusion and
capture is a general feature of protein localization in bacteria is
discussed.

sporulation

Despite their small size and apparent simplicity, bacteria
exhibit a high degree of subcellular organization in which
proteins frequently localize to particular sites within the cell (1).
Examples include the cell division protein FtsZ, which assembles
into a cytokinetic ring at the mid cell of Escherichia coli (2); the
chemotaxis receptor McpA, which localizes to the cell pole in
Caulobacter crescentus (3); the membrane phosphatase SpollE,
which localizes to the sporulation septum in Bacillus subtilis (4);
and the actin polymerization protein IcsA, which localizes to the
older of the two cell poles of Shigella flexneri (5). Here, we are
concerned with the problem of how integral membrane proteins
become localized within the bacterial cell. Unlike eukaryotes,
bacteria lack organelles and membrane vesicles that sort and
deliver membrane proteins to particular subcellular addresses.
Thus, an outstanding question in the field of prokaryotic biology
is the nature of the pathway(s) by which integral membrane
proteins reach their proper destination inside the cell.

We envision three models for how bacterial membrane pro-
teins become properly localized. In the first model, which we call
targeted insertion, the protein is directly and selectively inserted
into the membrane at the site where it will ultimately reside. This
model has been proposed for the mechanism by which the outer
membrane protein IcsA achieves proper localization at the old
cell pole in Shigella (5, 6). The second model, which we call
selective degradation, involves the random insertion of the
protein into all membranes in the cell followed by proteolytic
elimination of the protein from sites other than its proper
destination. Selective degradation could be achieved by a pro-
tease with a spatially restricted distribution in the cell or by an
alternative mechanism in which the protein is protected from
degradation at its proper location by a protease that is distrib-

www.pnas.org/cgi/doi/10.1073/pnas.132235899

uted uniformly throughout the cell. In the third model, which we
call diffusion and capture, the protein is inserted randomly into
all membranes and becomes localized by diffusion to, and
capture at, the site where it will ultimately reside.

An attractive system in which to address the question of how
membrane proteins localize is the process of sporulation in B.
subtilis. Sporulation takes place in two principal morphological
stages (7). In the first stage, the sporulating cell (or sporangium)
divides asymmetrically through the formation of a polar septum,
which creates a small cell known as the forespore and a larger cell
called the mother cell. Initially, the forespore and mother cell lie
side-by-side, but in the second stage of development the fore-
spore is engulfed by the mother cell. Engulfment is a phagocytic-
like process in which the membranes of the polar septum migrate
around the forespore, pinching it off as a free protoplast within
the mother cell. Engulfment eventually creates two topologically
distinct membranes within the mother cell: the cytoplasmic
membrane, which delimits the periphery of the cell, and the
mother cell membrane that surrounds the forespore (also known
as the outer forespore membrane). Several proteins have been
identified that localize specifically to the outer forespore mem-
brane, one of the best-studied examples is the sporulation
protein Spol VFB (8-10).

SpoIVEB is a proprotein processing enzyme that is involved
in the activation of a transcription factor that acts at a late stage
of development (11-14). SpoIVFB, which has six transmem-
brane segments (15), is synthesized in the mother cell during the
process of engulfment (8). That SpoIVFB exhibits a highly
specific pattern of subcellular localization is seen through the use
of a functional fusion of the sporulation protein to the green
fluorescent protein (GFP) (ref. 9; Fig. 14). Fluorescence from
SpoI VFB-GFP is coincident with the outer forespore membrane
with little or no signal detectable at the cytoplasmic membrane
(9, 10) (Fig. 1A4). Proper localization of Spol VFB-GFP depends
on a second integral membrane protein (Spol VFA) that resides
in a complex with SpolVFB-GFP (10). In the absence of
SpoI VFA, Spol VFB-GFP localizes uniformly to all membranes
within the mother cell (10). Spol VFA also localizes to the outer
forespore membrane and does so in a manner that does not
depend on SpolVFB (10).

Spol VFB-GFP could achieve proper localization to the outer
forespore membrane by any of the three models we have
presented (Fig. 1B). It could be inserted directly and selectively
into the mother-cell membrane that surrounds the forespore.
This targeted insertion could occur cotranslationally or post-
translationally as shown for simplicity in Fig. 1B. Alternatively,
SpoI VEB-GFP could be inserted randomly into all mother-cell
membranes and then selectively degraded from the cytoplasmic
membrane. Finally, SpoI VFB-GFP could be inserted into all
membranes and diffuse to the engulfing mother-cell membrane

Abbreviation: GFP, green fluorescent protein.
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Fig. 1.

diffusion and capture

membranes

The sporulation membrane protein SpolVFB-GFP localizes to the mother-cell membrane that engulfs the forespore. (A) Model of the polytopic

membrane protein SpolVFB fused to GFP (green ball). Fluorescent micrograph of SpolVFB-GFP from strain BDR497 at hour 2.5 of sporulation. SpolVFB-GFP is
synthesized in the mother-cell compartment and localizes to the mother-cell membrane that surrounds the forespore. Membranes (false-colored red) were
labeled with TMA-DPH at the start of sporulation. The asymmetric septa and membranes engulfing the forespore stain more intensely because they are composed
of two layers of membrane. (Bar = 1 um.) (B) Three models for how SpolVFB-GFP achieves proper localization to the engulfing septal membrane. In the first
model, SpolVFB-GFP is inserted directly into the septal membrane. In the second and third models, SpolVFB-GFP is randomly inserted into all mother-cell
membranes. The protein then achieves proper localization by selective degradation (dashed lines) in the cytoplasmic membrane. Alternatively, randomly inserted

SpolVFB-GFP diffuses and is captured in the engulfing septal membrane.

(before engulfment is complete) and then become captured in
the outer forespore membrane.

With Spol VFB-GFP as a model polytopic membrane protein
and taking advantage of the requirement for SpoI VFA in the
localization of SpolVFB-GFP, we attempted to distinguish
among the three models for how proper localization of an
integral membrane protein is achieved. The results of our
analysis are most easily compatible with a diffusion-and-capture
model in which Spol VFB-GFP is inserted into the cytoplasmic
membrane from which it diffuses to, and is captured in, the
membranes that surround the forespore during the process of
engulfment. A further and unexpected finding to emerge from
our investigation is that the outer forespore membrane is ap-
parently refractory to membrane protein insertion. Hence, the
only pathway by which Spol VFB-GFP localizes to the outer
forespore membrane may be by diffusion from the cytoplasmic
membrane before the completion of engulfment.

Materials and Methods

General methods were as described (10). Sporulation was in-
duced by the resuspension method in Sterlini-Mandelstam
medium (16). All B. subtilis strains were derived from prototro-
phicstrain PY79 (17) and are listed in Table 1, which is published
as supporting information on the PNAS web site, www.pnas.org.
See Supporting Materials and Methods, which is published as
supporting information on the PNAS web site, www.pnas.org, for
detailed experimental procedures.

Results

SpolVFB-GFP Is Stable in the Absence of SpolVFA. One model for how
the subcellular localization of Spol VFB-GFP is achieved is that
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the fusion protein is initially inserted into all membranes of the
mother cell but is selectively eliminated from the cytoplasmic
membrane by proteolytic degradation (Fig. 1B). We have shown
that proper localization of Spol VFB-GFP requires Spol VFA,
which exists in a complex with Spol VFB-GFP in the engulfing
septal membrane (10). In the absence of SpoI VFA, Spol VFB-
GFP is distributed uniformly in all membranes of the mother cell
(Fig. 2, compare 4 and B). Because Spol VFA is itself restricted
to the engulfing forespore membrane, a model in which
SpoIVFA is responsible for degrading Spol VFB in the cyto-
plasmic membrane seems implausible. Conversely, however,
SpoI VFA could be responsible for protecting Spol VFB-GFP in
the septal membrane from degradation by uniformly distributed
protease. Such a protection-from-proteolysis model is, however,
inconsistent with the results of fluorescence microscopy. If
SpoI VFA were to protect Spol VFB-GFP from degradation in
the septal membrane, then, in the absence of SpolVFA,
SpoI VFB-GFP should appear mislocalized but be substantially
eliminated from both the septal membrane and the cytoplasmic
membrane. Instead, the absence of SpoIl VFA causes Spol VFB-
GFP to be unlocalized but does not noticeably diminish the
overall intensity of the Spol VFB-GFP signal (Fig. 2B).

To obtain a more quantitative assessment of the possible
effect of SpolVFA on SpolVFB-GFP levels, we monitored
levels of the GFP-tagged protein by immunoblot analysis of
whole-cell lysates from wild-type and SpolVFA mutant cells
undergoing sporulation. In confirmation and extension of the
results of fluorescence microscopy, Spol VFA had no measur-
able effect on the total level of SpolVFB-GFP (Fig. 2C).
Immunoblots of serially diluted extracts confirmed that detec-
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Fig. 2. SpolVFB-GFP does not achieve proper localization by selective deg-
radation. (A) SpolVFB-GFP localized to the mother-cell membrane that sur-
rounds the forespore in the presence of SpolVFA. SpolVFB-GFP from strain
BDR497 was visualized by fluorescence microscopy at hour 2.5 of sporulation.
(B) In the absence of SpolVFA, SpolVFB-GFP was uniformly distributed in all
membranes. SpolVFB-GFP from strain BDR493 was visualized by fluorescence
microscopy at hour 2.5 of sporulation. (Bar = 1 um.) (C) Immunoblots of
whole-cell extracts from the same cultures used for microscopy in A and B.
Lysates were from hour 2.5 of sporulation and were analyzed with polyclonal
Abs that recognize the GFP moiety of SpolVFB-GFP (B-GFP), SpolVFA (A), and
d”. The anti-o® immunoblot served as a control for loading.

tion of Spol VFB-GFP was in the linear range (data not shown).
In sum, these results argue against a localization model in which
SpoI VFA protects Spol VFB-GFP from proteolysis in the en-
gulfing forespore membrane. These results are also inconsistent
with yet an additional variation on selective degradation in which
Spol VFA confers on Spol VFB-GFP sensitivity to a protease
that is restricted to the cytoplasmic membrane. If this were the
case, then the levels of Spol VFB-GFP should have been higher
in the absence of Spol VFA than in its presence, which was not
the case (Fig. 2C). We conclude that the subcellular localization
of SpoI VFB-GFP is not a result of its selective degradation in the
cytoplasmic membrane.

SpolVFB-GFP Can Diffuse from the Cytoplasmic Membrane and Be
Captured in the Engulfing Septal Membrane. In an alternative
model, Spol VFB-GFP is initially inserted into both the cyto-

plasmic and septal membranes in the mother cell and then is
captured in the engulfing septal membrane (Fig. 1B). According
to this diffusion-and-capture model, Spol VFB-GFP molecules
that had been inserted into the cytoplasmic membrane would
reach the engulfing septal membranes by diffusion. To investi-
gate this model, we took advantage of the observation that
Spol VFB-GFP localizes uniformly to all membranes in cells that
had been engineered to synthesize the fusion protein during
growth (Fig. 34). For these experiments we fused the gene
encoding Spol VFB-GFP to a xylose-inducible promoter (Pxyl4)
and inserted it in single copy at a nonessential locus in the
chromosome. When grown in the presence of xylose, Spol VFB-
GFP localized uniformly to all membranes (Fig. 34). In the
absence of xylose, the Spol VFB-GFP signal was virtually unde-
tectable both during growth and sporulation (data not shown).

To determine whether SpolVFB-GFP, which was initially
present in the cytoplasmic membrane during growth, could
diffuse into the engulfing septal membrane during sporulation,
we grew the cells in the presence of xylose and then removed the
inducer at the start of sporulation (see Materials and Methods).
The fate of Spol VFB-GFP molecules that had been produced
during growth was monitored by fluorescence microscopy over
the course of sporulation (Fig. 3 A-D). The results show that at
the onset of engulfment the fusion protein began to accumulate
in the septal membranes (Fig. 3C). By the time engulfment was
near completion Spol VFB-GFP was virtually absent from the
cytoplasmic membrane and had apparently redistributed to the
forespore membranes (Fig. 3D). These data are consistent with
the idea that Spol VFB-GFP can diffuse and be captured in the
engulfing septal membrane.

A possible complication in our interpretation of the experi-
ment of Fig. 3 is that the forespore is surrounded by two layers
of membrane. One membrane, the inner forespore membrane,
is derived from the forespore itself whereas the other, the outer
forespore membrane, is derived from the mother-cell membrane
that engulfs the forespore. Because Spol VFB-GFP had been
synthesized before asymmetric division, the fusion protein would
have been present in the membranes of both the mother cell and
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Fig. 3.

SpolVFB-GFP is capable of diffusion and capture in the engulfing septal membrane. (A-D) The fate of uniformly distributed SpolVFB-GFP (synthesized

during growth) through the first 3 h of sporulation. BDR647, which contains a xylose-inducible promoter fused to the gene encoding SpolVFB-GFP, was grown
in the presence of xylose. After the initiation of sporulation, xylose was removed and the localization of SpolVFB-GFP was monitored by fluorescence microscopy
(see Materials and Methods). Time (in hours) after the start of sporulation isindicated in each image. (Bar = 1 um.) (E) Pulse-chase analysis of SpolVFB-GFP (B-GFP)
and SpollAB synthesized at the start of sporulation. Sporulating cultures BDR524 and QPB550 were pulsed-labeled 30 min after the start of sporulation (see
Materials and Methods). Time (in hours) after the addition of unlabeled methionine is indicated above the protein gels. (F) Immunoblot of whole-cell extracts
from cells undergoing sporulation. Lysates were prepared from strain BDR647 treated identically to the culture in A-D and were analyzed with polyclonal Abs
that recognize the GFP moiety of SpolVFB-GFP (B-GFP). Time (in hours) after the start of sporulation is indicated above the immunoblot. (G) The fate of uniformly
distributed SpolVFB-GFP in the absence of SpolVFA at hour 3 of sporulation. SpolVFB-GFP was synthesized during growth in strain BDR526 and treated identically
to BDR647 as described in A-D.
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forespore. It was therefore possible that the apparent localiza-
tion of Spol VFB-GFP around the forespore (Fig. 3D) was an
artifact resulting from the presence of Spol VFB-GFP in both
membranes. To address this possibility, we repeated the exper-
iment in a SpoIl VFA mutant in which SpoI VFB-GFP fails to
localize. As expected, the Spol VFB-GFP signal surrounding the
forespore was approximately twice as intense as the signal in the
cytoplasmic membrane (Fig. 3G). However, Spol VFB-GFP,
which was virtually undetectable in the cytoplasmic membrane
of wild-type sporangia on completion of engulfment, was readily
detectable in the cytoplasmic membrane of the Spol VFA mu-
tant sporangia (Fig. 3, compare D and G). Thus, these results are
consistent with the idea that Spol VFB-GFP molecules that were
originally present in the cytoplasmic membrane of growing cells
had redistributed with high selectivity to the membranes that
surround the forespore.

An alternative interpretation of the experiment of Fig. 3 is that
the removal of xylose at the start of sporulation had not shut off
the synthesis of the SpolVFB-GFP completely and that the
accumulation of SpoIl VFB-GFP around the forespore was ac-
tually the result of targeted insertion of newly synthesized
molecules into the septal membranes. According to this view,
Spol VFB-GFP molecules that had been synthesized during
growth were eliminated by proteolysis during the course of
sporulation and newly synthesized molecules were inserted
directly into the septal membranes. If the Spol VFB-GFP mol-
ecules that accumulated around the forespore during engulfment
were in fact the same molecules that had been present in the
cytoplasmic membrane at the start of sporulation, then
the fusion protein must have been stable over the course of the
experiment. To investigate the stability of Spol VFB-GFP, we
determined the half-life of the fusion protein synthesized at the
beginning of sporulation by a pulse-chase experiment (see
Materials and Methods). Consistent with the idea that Spol VFB-
GFP is stable during sporulation, radioactively labeled
Spol VFB-GFP was not measurably depleted during the chase
over the course of the first 3 h of sporulation (Fig. 3E). As a
control, radioactively labeled SpolIAB, a sporulation protein
that is known to be unstable when its binding partners (SpolIAA
and oF) are absent (18), was largely eliminated during the first
3 h of sporulation in a parallel pulse-chase experiment (Fig. 3E).

Knowing that Spol VFB-GFP is stable, we further investigated
the possibility that the xylose-inducible promoter had not been
shut off after the removal of inducer by asking whether the levels
of the fusion protein continued to increase during sporulation.
SpoI VFB-GFP levels were monitored by immunoblot analysis.
Consistent with the idea that synthesis of Spol VFB-GFP was
shut off when xylose was removed, the level of Spol VFB-GFP
remained approximately constant during the first 3 h of sporu-
lation (Fig. 3F).

In toto, these data indicate that Spol VFB-GFP molecules that
had been synthesized during growth and that were initially
localized to the cytoplasmic membrane of vegetative cells were
the same molecules that eventually localized to the outer fore-
spore membrane during sporulation. We conclude that there is
no barrier to diffusion between the cytoplasmic and septal
membranes during sporulation and that Spol VFB-GFP is capa-
ble of diffusing to, and being captured in, the engulfing septal
membrane.

SpolVFB-GFP Is Inserted into the Cytoplasmic Membrane During
Sporulation. Thus far, we have shown that Spol VFB-GFP that is
initially present in the cytoplasmic membrane (in cells engi-
neered to synthesize the fusion protein during growth) is capable
of diffusion to, and capture in, the engulfing septal membrane.
However, we could not exclude the possibility that normally
during the course of sporulation Spol VFB-GFP is directly and
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Fig. 4. SpolVFB-GFP is inserted into the cytoplasmic membrane during
sporulation. Strain BDR524, which contains a xylose-inducible promoter, fused
to the gene encoding SpolVFB-GFP was sporulated in the absence of xylose.
After ~80% of the sporulating cells had undergone membrane fusion, xylose
was added to induce the synthesis of SpolVFB-GFP. Labeled membranes and
SpolVFB-GFP were visualized by fluorescence microscopy 30 min after induc-
tion. (A) All membranes (false-colored magenta) were labeled with the TMA-
DPH added at the start of sporulation. (B) To determine which cells had
undergone membrane fusion, dye-accessible membranes (false-colored yel-
low) were visualized with FM 4-64 added just before visualization. (C)
SpolVFB-GFP synthesized after membrane fusion localized to the cytoplasmic
membrane. (Bar = 1 um.)

selectively inserted into the engulfing septal membranes by
targeted insertion (Fig. 1B).

To distinguish between these possibilities, we took advantage
of a unique feature of endospore formation. After completion of
engulfment the mother-cell membrane that surrounds the fore-
spore fuses with itself so as to pinch off the forespore as a free
protoplast within the mother cell, in effect creating a cell within
a cell (7). This terminal step in the phagocytic-like process of
engulfment is referred to as membrane fusion (19). As a
consequence of membrane fusion the mother-cell membrane
that surrounds the forespore becomes topologically distinct from
the cytoplasmic membrane. Importantly, after completion of
engulfment, integral membrane proteins should no longer be
capable of freely diffusing between the cytoplasmic and outer
forespore membranes. Membrane fusion can be monitored with
the lypophylic fluorescent dye FM 4-64, which cannot cross the
lipid bilayer (19, 20). If FM 4-64 is added before the completion
of engulfment the fluorescent dye is able to access all membranes
of the sporangium: the cytoplasmic membrane, the mother-cell
membrane that is engulfing the forespore, and the forespore
membrane (Fig. 4B). However, if FM4-64 is added after mem-
brane fusion, the dye can no longer access the two membranes
that surround the forespore. Thus, in sporangia that have been
treated with FM4-64 after membrane fusion, only the cytoplas-
mic membrane is labeled (Fig. 4B). The membranes that sur-
round the forespore can, however, be visualized in these spo-
rangia with a second membrane dye (TMA-DPH) that has
distinct spectral properties from FM4-64 if the second mem-
brane dye is added at the start of sporulation (Fig. 44).

To distinguish between the targeted insertion and the diffu-
sion-and-capture models, we investigated the fate of Spol VFB-
GFP molecules that were synthesized after completion of en-
gulfment. If SpolVFB-GFP achieves proper localization by
targeted insertion, then the protein synthesized after membrane
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fusion should be properly localized to the outer forespore
membrane. However, if Spol VFB-GFP achieves proper local-
ization by diffusion and capture, then Spol VFB-GFP should be
present in both the outer forespore membrane and the cytoplas-
mic membrane. The reason is that Spol VFB-GFP inserted into
the cytoplasmic membrane after engulfment would not be able
to diffuse to the outer forespore membrane.

To carry out this experiment, we induced expression of the
gene encoding Spol VFB-GFP after the completion of engulf-
ment with the xylose-inducible promoter fusion described pre-
viously. In the course of our analysis we discovered that this
promoter was not active (and could not be induced) in the
forespore compartment at this late stage of sporulation. Expres-
sion of the gene encoding GFP fused to the xylose-inducible
promoter produced only a weak fluorescent signal in the fore-
spore compartment (see Fig. 5, which is published as supporting
information on the PNAS web site, www.pnas.org). This fortu-
itous result simplified our analysis, because we were interested
only in Spol VFB-GFP synthesized in the mother-cell compart-
ment. Cells harboring the inducible gene fusion were sporulated
in the absence of inducer, and membrane fusion was monitored
every 30 min with the membrane dyes FM4-64 and TMA-DPH.
At hour 3 when ~80% of the sporulating cells had topologically
distinct membranes, synthesis of Spol VFB-GFP was induced by
the addition of xylose. The localization of Spol VFB-GFP was
determined 30 min later by fluorescence microscopy.

Surprisingly, in 87% (n = 234) of the sporangia that had
completed engulfment, Spol VFB-GFP was present exclusively
in the cytoplasmic membrane of the mother-cell compartment
(Fig. 4C). In the remaining 13% of the sporangia fluorescence
from SpolVFB-GFP was observed in both the cytoplasmic
membrane and the outer forespore membranes. The simplest
explanation for these results is that Spol VFB-GFP is inserted
only into the cytoplasmic membrane of sporangia that have
completed engulfment and that the minority category in which
fluorescence was observed in both the mother-cell and forespore
membranes represented sporangia that had not completed en-
gulfment at the time xylose was added but underwent membrane
fusion during the 30-min period of induction. In this view,
Spol VFB-GFP that is made before membrane fusion is inserted
into the cytoplasmic membrane from which it diffuses to, and is
captured in, the outer forespore membrane. Meanwhile, protein
that is synthesized after membrane fusion is inserted in, and
remains restricted to, the cytoplasmic membrane. Several spo-
rangia were also observed that had not completed engulfment by
the end of the induction period (Fig. 4B) and in which Spol VFB-
GFP was properly localized to the outer forespore membrane
(Fig. 4C). In these sporangia all of the SpoIl VFB-GFP would
have been able to freely diffuse from the cytoplasmic to the
engulfing septal membrane.

The lack of SpoIlVFB-GFP insertion into the mother-cell
membrane that surrounds the forespore was unexpected and
prompted a series of control experiments. It was possible that
insertion of Spol VFB-GFP into the outer forespore membrane
was prevented by the presence of a nascent spore coat, which is
assembled around the outer forespore membrane during engulf-
ment. To address this possibility we repeated the xylose induc-
tion experiment in Spol VA (not to be confused with SpoI VFA)
and SpoVM mutants in which proper assembly of the protein
coat is blocked (21-23). Once again, Spol VFB-GFP was found
exclusively in the cytoplasmic membrane in a high proportion of
mutant sporangia that had completed engulfment (data not
shown). Thus, it is unlikely that the spore coat was responsible
for preventing insertion of Spol VFB-GFP into the outer fore-
spore membrane. Insertion exclusively in the cytoplasmic mem-
brane was also observed after induction of SpolVFB-GFP
synthesis in sporangia mutant for the mother-cell transcription
factors SpollID, which is active at a late stage of engulfment (24),
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or o, which is active after engulfment (25) (data not shown).
Thus, the block to insertion of Spol VFB-GFP into the mother-
cell membrane that surrounds the forespore did not require
new gene expression before or after the completion of engulf-
ment and conceivably already existed before engulfment.

In toto, these data are consistent with the idea that Spol VFB-
GFP achieves proper localization during sporulation by insertion
into the cytoplasmic mother-cell membrane followed by diffu-
sion and capture in the engulfing septal membrane.

Discussion

Eukaryotes have a sophisticated system for ensuring that integral
membrane proteins reach their proper subcellular location.
Sorting signals on membrane proteins direct them to specific
transport vesicles, which then deliver the proteins to the apical
or basolateral plasma membrane or to the membranes of a
particular intracellular organelle (26). Here, we have investi-
gated the mechanism by which a bacterial membrane protein
(SpoI VFB-GFP) reaches its proper destination in the absence of
a conspicuous sorting machine.

We ruled out models based on selective degradation, because
the mislocalization of Spol VFB-GFP was not accompanied by a
change in the levels of the sporulation protein (Fig. 2C) as would
be predicted by such models. Next, we demonstrated that there
is no barrier to diffusion between the cytoplasmic and engulfing
septal membranes. Uniformly distributed SpolVFB-GFP
present at the start of sporulation (in cells that had been
engineered to synthesize the protein prematurely) could diffuse
to, and be captured in, the septal membrane during engulfment
(Fig. 3A-D). This result is of particular interest because a barrier
to diffusion of integral membrane proteins between the mother
and daughter cells of the budding yeast Saccharomyces cerevisiae
has been found to exist at the mother-bud neck (27). Finally, we
found that SpoIlVFB-GFP was inserted into the cytoplasmic
membrane during sporulation when synthesized after the com-
pletion of engulfment (Fig. 4C) (in cells in which the synthesis of
the protein could be delayed beyond its normal time of induc-
tion). In toto, these results are most easily compatible with a
model in which SpoIVFB-GFP reaches its destination by a
pathway in which it is initially inserted into the cytoplasmic
membrane followed by diffusion to, and capture in, the septal
membranes during the process of engulfment.

In the final step of this process, Spol VFB-GFP is retained in
the engulfing septal membrane by interaction with its partner
protein SpoIlVFA (10). This finding raises the question of the
basis for the restricted localization of SpoIl VFA in the engulfing
septal membrane. Spol VFA localizes properly in the absence of
SpoIVFB (10), and a similar analysis with cells engineered to
express GFP-Spol VFA prematurely suggests that it too localizes
by a diffusion-and-capture mechanism. At present we do not
know what feature of the septal membrane is responsible for
capturing Spol VFA, but we have reported that a domain of
SpoIVFA that is located in the space between the double
membranes that surround the forespore shares homology with
proteins involved in peptidoglycan remodeling (10). Thus, it is
possible that SpolVFA is captured in the engulfing septal
membrane through an interaction with a unique feature of the
peptidoglycan that is sandwiched between the two membranes of
the sporulation septum.

The rate of diffusion of integral membrane proteins in the
lipid bilayer has not been determined in bacteria. However,
lateral membrane protein diffusion in eukaryotes has been found
to be ~0.3 um?/sec (28). If the rate of diffusion is similar in B.
subtilis, which is only 2-4 pum in length, then the time it would
take a molecule of Spol VFB-GFP to diffuse from the cytoplas-
mic membrane into the septal membrane would be less than a
minute. Thus, a diffusion-and-capture mechanism is easily com-
patible with the strikingly restricted pattern of localization of
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Spol VFB-GFP and the apparent absence of the protein in the
cytoplasmic membrane.

The only other integral membrane protein whose mechanism
of localization has been explored is the outer membrane protein
IcsA from the Gram-negative bacterium S. flexneri, which local-
izes to the old pole of the cell. In contrast to the diffusion-and-
capture mechanism that we have proposed for Spol VFB-GFP,
analysis of IcsA localization is most consistent with a targeted-
insertion model. A GFP fusion to IcsA lacking both its signal
sequence and outer membrane translocation domain is still
capable of localizing to the cell pole (6). This result suggests that
the nascent IcsA protein localizes to the cell pole on the
cytoplasmic face of the inner membrane before its translocation
into the periplasm and subsequent insertion in the outer mem-
brane. It will be of interest to see whether both the diffusion-
and-capture mechanism that we have invoked for SpoIlVFB-
GFP and the targeted-insertion mechanism proposed for IcsA
prove to be general features of the localization pathways for
bacterial membrane proteins.

Although our data favor a diffusion-and-capture model, we
cannot rule out the possibility that Spol VFB-GFP becomes
localized in the outer forespore membrane by targeted insertion
during the process of engulfment and that this pathway is shut off
after the completion of engulfment. If this was the case, then we
would expect that some gene that is responsible for blocking
targeted insertion must be switched on during or just after
engulfment. If so, such a gene would be expected to be under the
control of the transcription factor SpollID, which appears in the
mother cell at a late stage in engulfment (24), or o, which
becomes active shortly after the completion of engulfment (25).
Importantly, neither SpoIIID nor o® mutants relieved the block
to insertion into the outer forespore membrane observed after
the completion of engulfment. Thus, we think the block to
insertion exists during the process of engulfment and conceivably
before its commencement. Because the mother-cell membrane
that engulfs the forespore is derived from the septal membrane,
this interpretation raises the intriguing possibility that integral
membrane proteins are not, in general, inserted directly into the
septum and only localize there by diffusion and capture.
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The finding that Spol VFB-GFP is exclusively inserted into the
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whether this block was unique to Spol VFB-GFP. We examined
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