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A teeding tube model for activation ot
a cell-specitic transcription factor during
sporulation in Bacillus subtilis

Amy H. Camp and Richard Losick®
Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachustts 02138, USA

Spore formation by Bacillus subtilis takes place in a sporangium consisting of two chambers, the forespore and the
mother cell, which are linked by pathways of intercellular communication. One pathway, which couples the
activation of the forespore transcription factor € to the action of ¢® in the mother cell, has remained mysterious.
Traditional models hold that o® initiates a signal transduction pathway that specifically activates ¢ in the
forespore. Recent experiments indicating that the mother cell and forespore are joined by a channel have led to the
suggestion that a specific regulator of ¢ is transported from the mother cell into the forespore. As we report here,
however, the requirement for the channel is not limited to o’C. Rather, it is also required for the persistent activity

of the early-acting forespore transcription factor oF as well as that of a heterologous RNA polymerase (that of
phage T7). We infer that macromolecular synthesis in the forespore becomes dependent on the channel at
intermediate stages of development. We propose that the channel is a gap junction-like feeding tube through
which the mother cell nurtures the developing spore by providing small molecules needed for biosynthetic

activity, including o¢-directed gene activation.
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Both bacterial and eukaryotic cells communicate by the
exchange of signaling molecules. Traditional mecha-
nisms of intercellular signaling include the secretion
and detection of soluble molecules that can act at
a distance, as well as interactions between membrane-
bound ligands and receptors of adjacent cells. Another
more intimate type of communication involves stable
intercellular bridges, channels, or tubules, which provide
portals for the exchange of cytoplasmic materials from
one cell to another (Robinson and Cooley 1996). In
eukaryotic cells, small cell-to-cell channels known as
gap junctions permit the passive transport of ions and
small molecules, such as sugars, amino acids, and nucleo-
tides (Kumar and Gilula 1996). Other larger types of
intercellular bridges, such as the ring canals that link
Drosophila nurse cells to the developing oocyte and the
plasmodesmata that link plant cells, additionally permit
the transfer of macromolecules such as RNAs and pro-
teins (Robinson and Cooley 1996; Gallagher and Benfey
2005). Examples of direct intercellular transport of mol-
ecules can also be found for bacteria. In these cases,
a specialized apparatus, the type III or type IV secretion
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channel, transfers specific DNA and/or protein molecules
from a donor bacterium to the cytoplasm of a recipient
bacterium or a eukaryotic host cell (Christie et al. 2005;
Galan and Wolf-Watz 2006). However, no examples of
contiguous cytoplasmic bridges analogous to gap junc-
tions or plasmodesmata have been described in bacteria.
Here we provide evidence for a gap-junction-like “feeding
tube” that links the developing spore to its mother cell
during differentiation in the bacterium Bacillus subtilis.

Spore formation takes place in a two-chamber sporan-
gium that consists of a forespore, which will become the
spore, and a mother cell (Fig. 1A). Initially, the forespore
and the mother cell, which arise by asymmetric division,
lie side by side. Next, at intermediate stages of spore
formation, the forespore is engulfed by the mother cell to
create a free protoplast within the mother cell cytoplasm.
Gene expression in the two cells is principally governed
by four cell-specific o factors: &, of, ¢, and . The o*
and oF factors direct gene expression in the forespore and
mother cell, respectively, early in sporulation. Later, c©
replaces ¢ in the forespore, and o® replaces oF in the
mother cell. Importantly, three intercellular pathways
link the activities of these o factors. First, a signal trans-
duction pathway instigated by the action of of in the
forespore triggers the activation of o€ in the mother cell.
Next, ot-directed gene expression causes ¢© activation in
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Figure 1. The sporangium, ¢, and the functional dissection of
SpolIQ. (A) Shown is a cartoon of the sporangium at the stage of
engulfment when ¢© becomes active in the forespore. Also
shown are channels composed of AA-AH and Q that are herein
proposed to serve as feeding tubes between the mother cell and
the forespore. (B) Full-length Q and its truncated variants. Q
harbors a short cytoplasmic N terminus (~20 residues), followed
by a transmembrane domain (depicted as a black box), and
a large extracellular C-terminal domain (~240 residues). The
region (residues 117-222) that displays similarity to the M23
family of lysostaphin-like peptidases is shaded dark gray. Two
highly conserved amino acids, Tyr28 and His202, are depicted as
Y and H, respectively. Shown below is the N-terminal region of
the E. coli protein MalF used to replace the N-terminal region of
Q to create the MalF™P.Q chimera; the MalF transmembrane
domain is shown as a black box. (C) Heat-resistant spore
formation by cells harboring mutant alleles of Q. With the
exception of the parental strain harboring wild-type Q (WT),
cells were deleted for the Q gene (AQ) at its normal location or
were deleted for Q and harbored at sacA either wild-type Q (Q*)
or the mutant alleles QAC30, QACI00 QAG230 )A202-216 | (yH2024,
Q%% malF™P.Q, or malF™P-QA292-216 (strains PY79,
AHBI141, AHB1361, AHB1362, AHB1363, AHB1372, AHB1375,
AHBI1369, AHB1374, AHB1418, and AHB1533, respectively).

the forespore. Finally, ¢ sets in motion a signal trans-
duction pathway that activates o® in the mother cell.
Whereas the signal transduction systems linking ¢F to
oF and o to o are relatively well understood (for review,
see Rudner and Losick 2001; Hilbert and Piggot 2004), the
pathway tying the activity of ¢ in the forespore to the
action of of in the mother cell has remained mysterious.
Activation of ¢© is known to require the eight protein

Feeding tube model

products, SpollIAA-SpoIlIAH (henceforth AA-AH), of the
spolIIA operon, which is transcribed under the direction
of o¥ in the mother cell (Illing and Errington 1991; Kellner
et al. 1996; Guillot and Moran 2007), and the forespore
protein SpolIQ (henceforth Q), whose gene is transcribed
by o (Londoiio-Vallejo et al. 1997; Sun et al. 2000). An
important clue to how oF triggers the activation of ¢©
comes from the evidence indicating that the AA-AH and
Q proteins form a channel (henceforth the AA-AH<Q
channel) that connects the mother cell to the forespore
(Camp and Losick 2008; Meisner et al. 2008). This
evidence includes the similarity of AH to a multimeriz-
ing, pore-forming component of bacterial type III secre-
tion channels (Camp and Losick 2008; Meisner et al.
2008), the ability of the AH and Q extracellular domains
to interact in the space between the inner and outer
forespore membranes (Blaylock et al. 2004; Doan et al.
2005), and the demonstration that the AH and Q extra-
cellular domains are accessible from the forespore cyto-
plasm (Meisner et al. 2008).

Traditional models for the activation of ¢ posit that
oF-directed gene expression sets in motion a chain of
events that specifically stimulates the activity of ¢© in
the forespore or that counteracts the action of an in-
hibitor (e.g., an anti-o factor) of ¢. In keeping with this
view, the discovery that the AA-AH and Q proteins
connect the mother cell to the forespore promoted the
idea that the AA-AHe*Q channel is a conduit for the
transport into the forespore of a ¢“-specific regulatory
protein (Meisner et al. 2008). Here, however, we argue
against the idea of a specific regulatory protein. Instead,
we report evidence indicating that general macromolec-
ular synthesis in the forespore becomes dependent on the
AA-AH+Q channel at intermediate times of sporulation.
According to our “feeding tube” model, the AA-AH and
Q proteins form a gap junction-like channel through
which the mother cell nurtures the forespore by providing
one or more small molecules generally required for
macromolecular synthesis.

Results

A conserved domain of Q is required for spore
formation, o€ activation, and AH localization

As a starting point for this investigation, we sought to
identify regions of Q important for AA-~AHeQ channel
function in ¢ activation and sporulation. Figure 1B
depicts the domain organization of the Q protein, which
is produced in the forespore and anchored in the mem-
brane via a single N-terminal transmembrane domain.
Only a small region near the N terminus of Q (~20
residues) is present in the forespore cytoplasm. The larger
C-terminal domain (~240 residues) of Q is exposed to the
extracellular space between the forespore and mother
cell membranes (Londono-Vallejo et al. 1997), where it in-
teracts with the extracellular domain of the mother
cell membrane protein AH (Blaylock et al. 2004; Doan
et al. 2005). In particular, we reasoned that Q variants
that cannot interact with AH should disrupt channel

GENES & DEVELOPMENT 1015


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on October 5, 2009 - Published by Cold Spring Harbor Laboratory Press

Camp and Losick

assembly and/or function, and in turn block ¢ activation
and spore formation.

To identify critical regions of Q, we generated a pro-
gressive series of deletions from the 3’ end of Q (Fig. 1B;
data not shown). These deletion-mutated genes were
placed under the control of the endogenous Q promoter
and were inserted at the nonessential sacA locus in cells
deleted for the native Q gene. A control strain harboring
the wild-type Q gene (Q") at sacA produced wild-type
levels of spores (Fig. 1C). Likewise, Q*¢*? also supported
wild-type levels of spore formation, indicating that the
C-terminal 50 amino acids of Q (residues 234-283) are
dispensable (Fig. 1C). In contrast, Q*“1% and longer
deletion mutants were blocked in sporulation, indicating
that, at a minimum, the region between residues 184-233
is necessary for Q function (Fig. 1C; data not shown).

This essential region of Q contains a block of 15 amino
acids (His202-Pro216) that are conserved among Q ortho-
logs from Bacilli (Supplemental Fig. S1). To test the
importance of the His202-Pro216 region, we constructed
an internal deletion in the Q gene (Q*2%221%, Fig. 1B;
Supplemental Fig. S1). A strain expressing Q292216 was
defective for spore formation to almost the same extent
as a strain deleted for Q altogether (Fig. 1C). We also
found that the His202-Pro216 residues were needed for
¢ activation. As shown in Figure 2A, cells harboring
QA202-216 jke those deleted for Q altogether, displayed
significantly reduced expression of a IacZ reporter gene
fused to a promoter (Ps,,5) under the exclusive control of
o© (Sun et al. 1991). In comparison, control Q* cells
activated ¢© with the same timing (commencing ~3-4 h
after the onset of sporulation) and to the same levels as
seen in an otherwise wild-type strain (Fig. 2A; data not
shown).

Finally, we tested the importance of Q residues His202—
Pro216 for localization of the mother cell protein AH.
The extracellular domains of Q and AH interact in the
space between the forespore and mother cell, likely medi-
ating AA-AHe*Q channel assembly, and this interaction is
required for the proper localization of AH (Blaylock et al.
2004; Doan et al. 2005). To monitor AH localization, we
constructed a strain harboring a fusion of the green
fluorescent protein (GFP) to the N terminus of AH. The
gfp-AH gene fusion was expressed under the control of
a promoter internal to the spoIIIA operon (P2,0r4) that
is necessary and sufficient for full levels of AH expression
(Guillot and Moran 2007). The P2,,;174a-gfp-AH construct
supported nearly wild-type levels of spore formation,
indicating that the GFP-AH fusion protein was func-
tional (data not shown). Consistent with previous reports
(Blaylock et al. 2004; Doan et al. 2005), we found that
GFP-AH localized to the engulfing septal membrane of
the mother cell and, once forespore engulfment was
complete, to the outer forespore membrane (which is
derived from the engulfing mother cell membrane) (Fig.
2C). We also occasionally observed, as reported in the
aforementioned studies, uneven or punctate GFP-AH
localization around the forespore, which we speculate
may correspond to sites of AA-AH*Q channels (Fig. 2C,
arrowheads). As expected, GFP-AH became mislocalized
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Figure 2. ¢ activity and AH localization in cells producing
mutant Q proteins. (4,B) ¢© activity in strains harboring mutant
Q alleles. oS-dependent expression of a Pyypp-lacZ fusion
inserted at the ywrK locus was monitored during sporulation
of strains deleted for Q (AQ; closed squares) or deleted for Q and
harboring either Q* (closed circles), Q*29°1¢ (open circles),
QH2%24 (open diamonds), malF™P-Q (open squares), or
malFT™DP_QA202-216 (ghen triangles) at the sacA locus (strains
AHB1399, AHB1401, AHB1408, AHB1405, AHB1537, and
AHBI1538, respectively). For clarity, Q22216 and Q*2%24 data
are shown in A, while malF™P-Q and malF™P-Q*202-216 data
are shown in B. B-Galactosidase production in Q deletion and
Q" control strains measured for each experiment is shown for
comparison. (C,D) Localization of AH in cells producing mutant
Q proteins. In each strain, the native AH gene was deleted and
a functional gfp-AH fusion was inserted at the amyE locus. (C)
GFP-AH fluorescence in wild-type cells (WT; strain AHB1508) or
cells deleted for Q (AQ); strain AHB1516) at hour 3 of sporula-
tion. Arrowheads indicate wild-type cells that display uneven or
punctate GFP-AH localization. Inset cell exemplifies the punc-
tate GFP-AH localization seen in a subset of cells. Bar, 2 pm.
Membrane fluorescence from FM 4-64 staining for each corre-
sponding field is also shown below. Membranes of engulfed
forespores are not visible due to the membrane impermeability
of the FM 4-64 dye. (D) GFP-AH localization at sporulation hour
3 in cells deleted for the endogenous Q gene and expressing
cither QF, QA202-216 QQHZ02A 1)\ TETMD_ () o m qJFTMP_(QA202-216
from the sacA locus (strains AHB1527, AHB1531, AHB1552, and
AHBI1532, AHB1555, respectively).

to the mother cell cytoplasm in a Q deletion strain (Fig.
2C; Blaylock et al. 2004; Doan et al. 2005). Strikingly, we
found that GFP-AH was likewise mislocalized in cells
harboring Q*294-21¢ (Fig. 2D), indicating that Q residues
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His202-Pro216 are important for proper AH localization.
We infer that the His202-Pro216 region of Q is directly or
indirectly required for the assembly of the channel, and
hence for ¢© activity and spore formation.

His202 is not required for Q-mediated spore formation,
% activation, or AH localization

A large segment of the Q extracellular domain (residues
117-222) displays similarity to a family of zinc metal-
lopeptidases that includes lysostaphin from Staphlococci
(Pfam “Peptidase_M23” family; Fig. 1B; Supplemental
Fig. S1), as has been previously noted (Londofio-Vallejo
et al. 1997; Smith et al. 2000; Sun et al. 2000). The Q
proteins from Bacilli have maintained the presumed
catalytic histidine residue (His202 in B. subtilis Q) as
well as two of the three amino acid residues that co-
ordinate a zinc ion (Zn**) (Aspl23 and His204 in B.
subtilis Q) (Gustin et al. 1996; Odintsov et al. 2004,
Firczuk et al. 2005; Ragumani et al. 2008; Rawlings
et al. 2008). Interestingly, His202-Pro216 lie within this
lysostaphin-like region and harbor the presumed catalytic
histidine residue (His202) and one of the potential Zn**-
coordinating residues (His204). To investigate the signif-
icance of this, we switched the codon for His202 to an
alanine codon. However, a strain harboring Q294 pro-
duced wild-type levels of heat-resistant spores (Fig. 1C)
and was unimpaired in o< activity (Fig. 2A) and GFP-AH
localization (Fig. 2D). Likewise, a mutant Q in which
His202 and the potential Zn**-coordinating residues
Asp123 and His204 (as well as Ser119) (see Supplemental
Fig. S1) were simultaneously substituted for alanine was
similarly unimpaired (data not shown). These data in-
dicate that Q does not act as a peptidase, or if so, that this
activity does not rely on His202 (or Ser119, Aspl123, or
His204) and/or is not critical for Q function. Instead, and
in toto, the results are consistent with the idea that
residues His202-Pro216 function in the assembly of the
AA-AH+*Q channel, probably as a direct contact site
between Q and AH.

The Q extracellular domain is sufficient for spore
formation, o€ activation, and AH localization

We next investigated the importance of the short
N-terminal cytoplasmic region and single-pass in — out
transmembrane domain (TMD) (Fig. 1B) of Q for its
function(s) during sporulation. To test the requirement
for the Q TMD, we generated a Q deletion mutant
lacking codons 2-43, which encode the N-terminal cyto-
plasmic domain and TMD (Q*%-%%) (Fig. 1B). As expected,
QA% was unable to support spore formation (Fig. 1C),
indicating that, at the very least, the membrane topology
of Q imparted by the TMD is critical for its function(s).
To determine whether the Q N-terminal domain and/
or TMD play any specific role beyond governing the
proper topology of Q in the membrane, we replaced the
region encoding the Q N-terminal cytoplasmic domain
and TMD (codons 2-43) with the N-terminal coding
sequence from the Escherichia coli malF gene (codons
2-38) (Fig. 1B). MalF is an integral membrane protein that,

Feeding tube model

like Q, has a small N-terminal cytoplasmic domain
followed by an in — out TMD. Importantly, if the Q
TMD functions solely to orient the Q protein properly in
the membrane, then the MalF TMD might substitute for
this function. Conversely, if the Q N-terminal cytoplas-
mic region and/or TMD play additional roles in Q
activity, then the malF™P-Q chimera should not be
functional. Strikingly, we found that the malF™P.Q
chimera supported sporulation to a substantial extent
(~30% of Q* levels) (Fig. 1C). Furthermore, malF™P-Q
cells displayed significant ¢© activity (~50% of Q* levels)
(Fig. 2B), and proper GFP-AH localization (although we
did note that a small population of GFP-AH was mis-
localized throughout the mother cell membranes) (Fig.
2D). These results are consistent with the idea that the Q
N terminus and TMD are needed for the proper topology
of Q, but that the specific amino acid sequence of the
region is largely dispensable.

Finally, we deleted the codons corresponding to
His202-Pro216 in the context of the malF™P.Q
chimeric gene. Cells harboring malF™P-Q4202216 |ike
QA202-216 wyere defective for spore formation (Fig. 1C), ¢©
activation (Fig. 2B), and GFP-AH localization (Fig. 2D).
We therefore conclude, in toto, that the extracellular
domain of Q is sufficient (when oriented properly relative
to the membrane) for Q-mediated spore formation, ¢©
activation, and AH localization, and that these functions
rely in all cases on the conserved Q residues His202—
Pro216. Importantly, these results are consistent with
a model in which the Q extracellular domain (which
includes residues His202-Pro216) is sufficient to mediate
assembly and function of the channel; in contrast, the
specific residues of the Q N terminus and TMD appear to
be dispensable in this regard.

A late phase of o activity is unmasked in mutant cells
lacking o and requires AA-AH and Q residues
His202-Pro216

In a parallel line of investigation, we discovered that the
early-acting forespore o factor of displays a late mode of
activity in the absence of ¢, which ordinarily replaces ot
at late times in the forespore (Li and Piggot 2001). To
measure o' activity, we monitored the expression of
a lacZ reporter gene fused to the Q promoter (Py), which
is exclusively activated by of (Londofio-Vallejo et al.
1997). As shown in Figure 3A, Pn-lacZ expression com-
menced ~1.5-2 h after the onset of sporulation, consis-
tent with previous reports (Londofo-Vallejo et al. 1997),
and reached a maximal level of B-galactosidase expres-
sion at hour 2.5. In contrast, little B-galactosidase was
detected when the gene for of (sigF) was deleted, con-
firming the dependence of Pn-lacZ expression on this o
factor (Fig. 3A). Strikingly, we observed a notable change
in the extent of oF-directed P-lacZ expression in a strain
deleted for the gene (sigG) encoding ¢©. More specifically,
o activity at early times (through hour 2.5) was un-
affected in sigG mutant cells; however, o activity
persisted at intermediate to late times of sporulation in
mutant cells lacking ¢©, reaching maximal B-galactosidase
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Figure 3. A late phase of ¢F activity is unmasked in the absence
of 0© and requires channel proteins. (A) oF-dependent Py-lacZ
expression during sporulation of wild-type cells (WT; closed
circles), cells deleted for the gene encoding oF (AsigF; closed
triangles), deleted for the gene encoding ¢ (AsigG; closed
squares), or deleted for sigG and harboring a wild-type copy of
the sigG gene inserted at the ywrK locus (AsigG + ywrK::sigG™;
open circles) (strains AHB881, AHB938, AHB882, and AHB1305,
respectively). In each of these strains and those described below,
the Po-lacZ reporter gene was inserted at the amyE locus. (B,C)
of-dependent B-galactosidase production in cells deleted for sigF,
AA-AH, or Q in the presence (B) or absence (C) of the sigG gene
(sigG* vs. AsigG). Cells expressing the Pg-lacZ reporter gene
either harbored the wild-type sigF, AA-AH and Q genes (sigF*
AA-AH" Q7; closed circles) or were deleted for sigF (AsigF;
closed triangles), AA-AH (AAA-AH; open triangles) or Q (AQ;
open diamonds) (sigG" strains: AHB881, AHB938, AHB1134, and
AHB939, respectively; sigG deletion strains: AHB882, AHB915,
AHB1017, and AHB916, respectively). (D) o*-dependent Py-lacZ
activity during sporulation of strains lacking 0 and producing
mutant Q protein lacking residues His202-Pro216. Each strain
harbored a deletion of the sigG gene. Additionally, the strains
were deleted for Q (AQ; closed squares) or were deleted for
Q and harbored at the sacA locus Q" (closed circles) or the
QA292-216 myutant (open diamonds) (strains AHB1453, AHB1463,
and AHB1470, respectively).

levels (approximately two to four times that seen in wild
type) at hours 4-5 (Fig. 3A). Reintroduction of a wild-type
copy of the sigG gene at the nonessential ywrK locus
complemented this late of derepression phenotype, con-
firming that this effect is due specifically to the absence
of o (Fig. 3A). It appears, therefore, that ¢ (directly or
indirectly) shuts down oF activity in the forespore, and
that in the absence of ¢ a late phase of o& activity is
unmasked, as also observed by P. Piggot (pers. comm.).
This discovery immediately raised the question of
whether of activity at late times is also dependent on
the channel proteins (Q and AA-AH) that are needed for
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o< activation. To test this idea, we introduced deletions
of the Q gene or the entire spollIA operon (AA-AH)
into the sigG mutant strain harboring the ¢f-dependent
Po-lacZ reporter gene. Strikingly, we observed that the
late of activity unmasked by sigG deletion was almost
completely abolished in the absence of Q or AA-AH
(Fig. 3C). We confirmed, however, that the Q and AA-AH
deletions had no effect on the typical, early of activity in
an otherwise wild-type (i.e., sigG*) strain background
(Fig. 3B). As a control, we confirmed that sigF was
required for all Po-lacZ activity regardless of the presence
or absence of sigG (Figs. 3B,C). Finally, we tested
whether late oF activity specifically required the block
of conserved residues in the Q protein (His202-Pro216)
that we identified as necessary for o< activation, pre-
sumably by mediating channel assembly. As shown in
Figure 3D, cells harboring Q*?%221¢ did not display
late oF-dependent B-galactosidase synthesis in the ab-
sence of 0. We therefore conclude that at late times in
sporulation, of-directed gene expression has the same or
similélr dependence on the channel proteins as does that
for o™.

AA-AH and Q residues His202-Pro216 are required for
the late activity of a heterologous RNA polymerase in
the forespore

The discovery that both ¢-directed and of-directed gene
expression are dependent on Q and AA-AH at late times
indicates that AA-AHeQ channel is not part of a dedicated
signal transduction pathway for ¢©. Instead, and as we
herein propose, perhaps the channel has a broader func-
tion, such as a delivery system for small molecules
needed generally for macromolecular synthesis in the
forespore. If such a “feeding tube” model is correct, then
gene expression directed by a heterologous RNA poly-
merase in the forespore also ought to be dependent on the
channel.

To test this prediction, we engineered cells to produce
phage T7 RNA polymerase (T7 RNAP) in the forespore.
To do this, we placed the gene encoding T7 RNAP under
the control of Py, which is activated by oF in the
forespore, and integrated the resulting Po-T7 RNAP con-
struct at the amyE locus. To monitor T7 RNAP-directed
gene expression, we fused a T7 RNAP-recognized pro-
moter (Pr7) with optimized translational signals to a lacZ
reporter gene. The resulting Prs;-lacZ reporter was
inserted at the ywrK locus. As shown in Figure 4B, cells
harboring both constructs (amyE::Po-T7 RNAP and
ywrK::Prs,-lacZ) switched on the synthesis of B-galacto-
sidase at hour 2 of sporulation and did so in a manner that
relied both on the presence of the Po-T7 RNAP construct
(data not shown) and on ¢F (Fig. 4B). We also found that
cells harboring Po-T7 RNAP and Pr,-lacZ produced wild-
type levels of spores (data not shown). Thus, the pro-
duction of B-galactosidase by a heterologous RNA poly-
merase in the forespore did not interfere with the normal
process of sporulation.

Next, we asked whether T7 RNAP-directed B-galactosidase
synthesis became dependent on the channel proteins Q
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Figure 4. Late activity of a heterologous RNA polymerase
requires the AA-AH and Q channel proteins. (A) Cartoon of
the construct used to direct synthesis of T7 RNAP (T7 RNA
polymerase) in the forespore during sporulation. The gene
encoding T7 RNAP was placed under the control of the
of-dependent P, promoter and was integrated into the chromo-
some at either the origin-proximal amyE locus or at an origin-
distal location downstream from the yInF gene. The proximity
of the Po-T7 RNAP construct to the origin of replication (which
is anchored to the forespore pole of the sporangium) determines
whether it will be present in the forespore immediately follow-
ing asymmetric septation or following a delay. For simplicity,
only the forespore chromosome is shown. (B,C) T7 RNAP-
directed Pp7-lacZ expression during sporulation of wild-type
cells (WT; black squares), cells deleted for sigF (open circles) or
AA-AH (open triangles), or cells engineered to express Q4202216
(open diamonds). In B, all strains harbor the Po-T7 RNAP
construct integrated at an origin-proximal chromosome position
(the amyE locus), whereas C shows the results from correspond-
ing strains with the Po-T7 RNAP construct inserted at an origin-
distal position (downstream from yInF). In all strains, the Prs-
lacZ reporter was located at an origin-proximal position (the
ywrK locus). Arrows highlight the difference in B-galactosidase
levels at an early time of sporulation (hour 2) that results from
switching the Po-T7 RNAP chromosome position. Origin prox-
imal T7 RNAP strains: AHB1125 (WT), AHB1131 (AsigF),
AHBI1132 (AAA-AH), and AHB1382 (Q*2%2-21%), QOrigin distal
T7 RNAP strains: AHB1449 (WT), AHB1474 (AsigF), AHB1475
(AAA-AH), and AHB1545 (Q*%%2-21¢) (D) Immunoblot analysis
of whole-cell extracts from sporulating wild-type cells (WT; left
panel) or cells deleted for sigF (center panel), or AA-AH (right
panel), using antibodies to T7 RNAP, B-galactosidase, or, as
a loading control, o®. An asterisk marks a protein that displays
cross-reactivity with the anti-B-galactosidase antibody. Strains
were identical to those used in C, with Po-T7 RNAP integrated
at an origin-distal chromosome position: AHB1449 (WT),
AHB1474 (AsigF), and AHB1475 (AAA-AH).

and AA-AH at late times in sporulation. Figure 4B
shows that the loss-of-function Q*?%?-21¢ mutation or
an AA-AH deletion mutation permitted wild-type levels
of T7 RNAP activity at early times in sporulation
(through hours 2-3), but strikingly, impaired additional

Feeding tube model

B-galactosidase production after hour 3. These results
suggest that T7 RNAP-directed gene expression occurred
in two phases: an early phase that was independent of
AA-AH and Q residues His202-Pro216, and a late phase
that required these channel proteins.

Chromosome position of Po-T7 RNAP influences the
proportion of channel-dependent T7 RNAP activity

We interpret our results to indicate that T7 RNAP
displays an early, channel-independent phase of activity
in the forespore, followed by a late phase that is de-
pendent on the AA-AH*Q channel. If so, then it should be
possible to increase the proportion of channel-dependent
activity by delaying the onset of T7 RNAP synthesis. To
do this, we took advantage of the fact that immediately
following asymmetric septation, only the origin-proximal
~30% of the forespore chromosome is present in the
forespore compartment (Fig. 4A; Wu and Errington 1998).
The remainder of the chromosome is then translocated
across the septum into the forespore in a process that has
been reported to take 10-20 min (Pogliano et al. 1999;
Khvorova et al. 2000; Burton et al. 2007). As a conse-
quence of this transient genetic asymmetry, of target
genes present near the origin are activated earlier than
those present near the terminus (Khvorova et al. 2000;
Burton et al. 2007).

In our original engineered strain, the Po-T7 RNAP
construct was inserted at the amyE locus, which is
origin-proximal (located at chromosome map position
28° relative to the origin [0°]) and as such is immediately
accessible to ¢f in the forespore. We therefore recon-
structed the strain, moving the Po-T7 RNAP construct to
an origin-distal location (downstream from the yInF
locus at chromosome map position 140°) that should
not be accessible to ¢F until chromosome translocation
has occurred (Fig. 4A). Whereas the origin-proximal Pp-
T7 RNAP strain reached ~50% maximal B-galactosidase
production by hour 2 (Fig. 4B), the reconstructed strain
with the origin-distal construct did not accumulate
equivalent levels of B-galactosidase until hour 3 (Fig.
4C). Thus, T7 RNAP-directed B-galactosidase synthesis
was delayed when the Po-T7 RNAP construct was moved
to the origin-distal location, perhaps even more so than
might have been expected from earlier work (Pogliano
et al. 1999; Khvorova et al. 2000; Burton et al. 2007).

We then measured the dependence of T7 RNAP activ-
ity on the Q and AA-AH channel proteins in the origin-
distal Po-T7 RNAP strain background. As shown in
Figure 4C, T7 RNAP activity was significantly reduced
by deletion of AA-AH or introduction of the loss-of-
function Q292216 mutation. Moreover, as we predicted,
the effect of these mutations during late sporulation was
more marked in this origin-distal Po-T7 RNAP strain.
Whereas the (original) origin-proximal Po-T7 RNAP
strain still displayed up to ~50% maximal wild-type
Pr,-lacZ activity in the absence of AA-AH or Q function
(due to the strong early, channel-independent activity)
(Fig. 4B), the reconstructed origin-distal Po-T7 RNAP
strain, which had a reduced early phase of activity, only
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reached ~30% maximal wild-type T7 RNAP activity
levels (Fig. 4C). Because the origin-distal Po-T7 RNAP
strain better emphasized the late requirement for the
channel proteins Q and AA-AH in T7 RNAP activity, all
experiments presented henceforth were performed in this
strain background.

As a control, we confirmed that levels of the T7 RNAP
protein itself were not affected by the absence of the AA-
AH*Q channel. As shown in Figure 4D, wild-type and
AA-AH mutant cells (the same as shown in Fig. 4C)
produced the heterologous RNA polymerase with similar
timing and to similar levels during sporulation (cf. left
and right panels). In contrast, B-galactosidase protein
levels, as expected, were significantly reduced in the
AA-AH deletion strain at late times. Neither T7 RNAP
nor B-galactosidase protein were detectable in extracts
from cells deleted for sigF (Fig. 4D, middle panel). These
findings indicate that reduced T7 RNAP-dependent
B-galactosidase synthesis in the absence of the channel
is not due to differences in T7 RNAP protein levels. In-
stead, and in toto, our results indicate that the AA-AHQ
channel is needed to maintain the transcriptional and/
or translational activity of the forespore late in sporula-
tion or at least that governed by a heterologous RNA
polymerase.

Use of T7 RNAP unmasks an inhibitory function of Q
in the forespore

During the course of these experiments we unexpectedly
observed that certain alterations to the N-terminal region
of Q caused a large increase in T7 RNAP-directed gene
expression. Specifically, replacement of wild-type Q with
the MalF™P.Q chimera caused expression of the Pp-
lacZ reporter to increase fivefold to 10-fold (Fig. 5A). Also,
replacement of the highly conserved Tyr28 (Fig. 1B;
Supplemental Fig. S1), which is predicted to be embedded
in the TMD, with an alanine (yielding the Q¥*8# variant)
similarly enhanced T7 RNAP-directed gene expression
severalfold (Fig. 5A). In comparison, we did not detect
a comparable effect of the Tyr28 substitution on
oC-directed gene expression or a measureable effect on
sporulation (data not shown). We suspect that T7 RNAP
is particularly sensitive to a normal but subtle role of
Tyr28 in sporulation that we have not yet uncovered.
The results with MalFT™P.Q and the Tyr28 substitu-
tion indicate that Q has opposing effects on T7 RNAP-
directed gene expression: inhibition of T7 RNAP activity,
which is mediated by the N-terminal region, and stimu-
lation of polymerase activity, which involves the
C-terminal extracellular region. If this interpretation is
correct, then it should be possible to separate the two
regions of Q as discrete functional molecules. Accord-
ingly, we constructed a strain that coexpressed two Q
variants, one encoding only the first 53 residues of Q
(QA¢?30 integrated at sacA) and the other encoding only
the extracellular domain of Q fused to the N-terminal
TMD of MalF (the malF™P-Q chimera, integrated at the
nonessential lacA locus). Importantly, the Q*“**° and
MalF™P.Q proteins share only 10 amino acids in com-
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Figure 5. Q is a bifunctional protein. (A) Forespore-specific T7
RNAP-directed Pr7-lacZ activation during sporulation of strains
expressing Q* (solid squares), malF™P.Q (solid triangles), or
Q%4 (solid diamonds) (strains AHB1542, AHB1547, and
AHBI1543, respectively). In each of these strains and those
described below, the construct expressing T7 RNAP (Po-T7
RNAP) was inserted at the origin-distal yInF locus, whereas
the Pr;-lacZ reporter gene was integrated at the origin-proximal
ywrK gene. (B) T7 RNAP-directed B-galactosidase production in
strains harboring the Prs-lacZ reporter and coexpressing the
alleles malF™P.Q and Q*“?*° (open triangles; strain AHB1571) or
malF™P.Q and QY?844€230 (closed triangles; strain AHB1579).
Data for control strains expressing wild-type Q (Q*; closed
squares), malF™P-Q (open circles) or Q*“?*° (open diamonds)
alone are also shown (strains AHB1542, AHB1567, and AHB1544,
respectively). (C) T7 RNAP-dependent Pr,-lacZ reporter gene
activity was measured during sporulation of strains expressing
Q¥?%4 (closed diamonds), Q¥4 and deleted for AA-AH (open
diamonds), QY284:4202-216 (open triangles), or deleted for Q
altogether (AQ; closed circles) (strains AHB1543, AHB1562,
AHB1546, and AHB1476, respectively).

mon (residues 44-53 of full-length Q). If the Q N-terminal
and extracellular C-terminal domains indeed function
separately to influence T7 RNAP in the forespore, then
expression of these two domains on individual molecules
ought to restore the wild-type profile of T7 RNAP-
directed gene activation. Indeed, we observed that
the profile of T7 RNAP-dependent B-galactosidase pro-
duction in cells harboring both constructs (Q*¢?3% and
malF™P.Q) approximately phenocopied that observed
in wild-type cells (Fig. 5B). This result indicates that, at
most, only a subtle difference in T7 RNAP activity is
apparent when the N-terminal and extracellular regions
of Q are provided on a separate molecules. As a control,
we found that switching the Tyr28 codon to an alanine
codon in the Q%“23° construct destroyed this co-
operation (Fig. 5B). Therefore, we conclude that Q
protein is bifunctional, and that the inhibitory action of
the Q N terminus on T7 RNAP is mediated by a separate
region of Q than that involved in channel formation;
moreover, these two functions can be provided on sepa-
rate molecules.
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Hyperactive T7 RNAP remains dependent on the
AA-AH*Q channel at late times in the forespore

If our hypothesis that macromolecular synthesis in the
forespore becomes dependent on the channel is correct,
then the enhanced level of T7 RNAP activity seen in the
QY%4 mutant also ought to be dependent on the AA-
AHe+Q channel. As a test of this expectation, we intro-
duced a deletion of AA-AH into cells harboring Q¥?%4;
strikingly, T7 RNAP-dependent B-galactosidase produc-
tion was reduced approximately fivefold at late times in
the double mutant (Fig. 5C). Likewise, a strain harboring
a Q variant simultaneously mutated for Tyr28 and de-
leted for residues His202-Pro216 (QY28A44202-216) yyaq
reduced severalfold for T7 RNAP activity as compared
with the Q¥2%4 parent strain (Fig. 5C). Similar results
were also seen simply by deleting the entire Q gene (Fig.
5C). That is, the level of T7 RNAP activity in a Q-null
mutant was severalfold lower than in the Q¥?%4 mutant.
Therefore, we conclude that channel activity, which
requires AA-AH and Q residues His202-Pro216, is crit-
ical for gene activation by T7 RNAP at late times in the
forespore, even under conditions when the separate in-
hibitory function of Q is abrogated.

Discussion

A feeding tube model for activation of o

The forespore transcription factor ¢© is activated by an

intercellular pathway that is dependent on the protein
products (AA-AH) of the eight-cistron spollIA operon,
which is transcribed in the mother cell under the di-
rection of o, We and others have proposed that the AA-
AH proteins, together with the forespore protein Q,
constitute a channel (referred to here as the AA-AHQ
channel) that interconnects the two compartments of the
developing sporangium (Camp and Losick 2008; Meisner
et al. 2008). A traditional view of the regulation of o<
holds that its activation in the forespore is governed by
a specific activator of ¢© or an antagonist (an anti-anti-c©
factor| of an antagonist of ¢ (an anti-¢© factor). Indeed,
Meisner et al. (2008) have suggested that the channel is
responsible for the transport of a protein that specifically
triggers o< activation in the forespore. If so, the identity
of the protein remains unknown, and recent evidence has
argued against the involvement of two proteins (CsfB and
SpoIIAB) that were known to acts as anti-c© factors
(Evans et al. 2003; Serrano et al. 2004; Chary et al. 2005;
Camp and Losick 2008).

Here we propose a new model for the regulation of ¢©
that does not invoke the existence of a specific regulator
of the forespore o factor. Instead, evidence indicates that
the AA-AH and Q proteins are needed not only for ¢©
activity but also for the activity of o¥ at late times during
sporulation and, strikingly, even for the activity of
a heterologous enzyme, the phage T7 RNA polymerase
(T7 RNAP). Hence, the AA-AH*Q channel appears to be
generally required for macromolecular synthesis in the
forespore. In light of these considerations, we suggest that
the channel is a conduit through which the mother cell

Feeding tube model

feeds, or nurtures the forespore, providing one or more
small molecules generally required for RNA or protein
synthesis or both.

Why would the forespore come to depend on the
mother cell for macromolecular synthesis? We speculate
that at an intermediate stage of sporulation, when en-
gulfment is nearing completion, the autonomous tran-
scriptional and/or translational capacity of the forespore
diminishes as a passive consequence of its increasing
sequestration within the cytoplasm of the mother cell.
Alternatively, an active mechanism may be responsible
for shutting down nucleotide and amino acid synthesis
and/or energy production in the forespore, which is
destined to become metabolically inert, at the time of
engulfment. For example, Marquis et al. (2008) have
shown recently that vegetative gene expression directed
by o® is down-regulated in the forespore due to “strip-
ping” of DNA-binding proteins off the forespore chromo-
some as it is pumped across the septum.

If our feeding tube model is correct, then what is the
nature of the compounds that are transported into the
forespore by the AA—~AH*Q channel? Perhaps the channel
transports a variety of small molecules, such as nucleo-
tides and amino acids, which are required for macromo-
lecular synthesis. In this case, it is possible that the
channel provides an aqueous pore through which these
small molecules move by passive transport, analogous to
eukaryotic gap junctions (Kumar and Gilula 1996). Alter-
natively, and conceivably, the channel is dedicated to the
transport of a single small molecule, such as, for example,
ATP. A second related question is whether the AA-AHQ
channel is gated, and if so, how this gating is regulated.
Recently published biochemical evidence from Meisner
et al. (2008) suggests that the AA-AH+Q channel is open
on the forespore side but gated on the mother cell side.
One intriguing possibility is that the channel is opened as
engulfment nears completion, as it is known that ¢ is
activated at or near the time that the forespore is pinched
off as a free protoplast in the mother cell. Because the
space between the inner and outer forespore membranes
eventually becomes filled with a cortex of cell wall
material, we presume that the channel must eventually
close or becomes disabled as the cortex thickens.
Consistent with this idea, Meisner et al. (2008) have
shown that the channel, as detected by accessibility of
the AH extracellular domain from the forespore cyto-
plasm, disappears soon after the completion of forespore
engulfment.

Finally, we come back to the implications of the
feeding tube model for ¢ regulation in the forespore.
While this model provides a satisfying explanation for ¢
inactivity in the absence of the channel at late times of
sporulation, it remains unclear why o is also inactive at
early times during sporulation in AA-AH or Q mutant
cells. As discussed above, we propose that the forespore
harbors the resources necessary for transcription and
translation at early times, and that it is only at interme-
diate to late times of sporulation that the transport of
metabolites through the channel becomes critical for
gene activation. Indeed, we observed that both ¢ and
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T7 RNAP display early activity (between hours 2 and 3 of
sporulation) that is unaffected by the absence of AA-AH
or Q, but that in both cases later activity (after hour 3) is
strongly dependent on the channel proteins. In contrast,
no corresponding early, channel-independent phase of ¢
activity is observed in AA-AH or Q mutant cells (Camp
and Losick 2008). We speculate that the absence of
substantial ¢© activity at early times is due to several
factors, including weak of-dependent transcription of the
gene (sigG) that encodes ¢ (A.H. Camp and R. Losick, in
prep.), post-transcriptional inhibition of ¢© by CsfB
(Chary et al. 2007; Karmazyn-Campelli et al. 2008), and
competition of ¢© with of for binding to core RNA
polymerase (but see also Chary et al. 2006).

A conserved region of Q mediates ¢ activation and
AH localization

An additional contribution of the present investigation is
the identification of a conserved block of residues in the
Q extracellular domain (His202-Pro216) that mediates ¢
activation and AH localization. The simplest interpreta-
tion of our results is that the His202-Pro216 region of
Q contacts AH, and therefore is directly responsible for
bridging the channel between the mother cell and the
forespore. Strictly speaking, however, we cannot exclude
the possibility that the His202-Pro216 region is needed
for proper folding of the Q extracellular domain and is not
itself in direct contact with AH.

A second conspicuous feature of Q is its transmem-
brane domain (TMD) located near the N terminus of the
protein, which contains a highly conserved tyrosine at
position 28 (Tyr28). Remarkably, however, the N-terminal
region of Q is largely dispensable, as its replacement with
a heterologous, single-pass transmembrane segment
from the MalF protein of E. coli caused only a modest
impairment in ¢ activation and spore formation. Evi-
dently, proper assembly of the channel merely requires
that the conserved extracellular domain of Q is anchored
to the forespore membrane, but the nature of how it is
anchored is not critical for channel function.

Q is a bifunctional protein

Complicating our investigation into the role of Q in
creating a channel was the unexpected discovery of a
second, cryptic function of Q. Although the TMD of Q
could be replaced with that of E. coli MalF with only
modest effect on sporulation, ¢ activation, and AH
localization, alterations to the N-terminal region of Q
had a strong stimulatory effect on T7 RNAP activity.
Specifically, T7 RNAP activity was increased fivefold to
10-fold in cells harboring MalF™P-Q or in cells harboring
a substitution mutant of Q in which the highly conserved
Tyr28 was replaced with alanine (QY2%%). Importantly,
even under conditions in which T7 RNAP activity was
enhanced by alteration to the N-terminal region, T7
RNAP-directed gene expression remained strongly de-
pendent on the AA-AH*Q channel. That the N-terminal
region represents an independent functional domain of Q
was compellingly demonstrated by the fact that the
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two Q functions could be provided on separate molecules.
That is, the hyperactivity of T7 RNAP seen with
MalF™P.Q was complemented with a separate, trun-
cated Q protein solely representing the N-terminal
region.

Our interpretation of these puzzling findings is that the
N-terminal region of Q mediates a second and indepen-
dent function for which T7 RNAP is particularly sensi-
tive. We suspect that the second function also somehow
contributes to normal sporulation in that Tyr28 residue is
highly conserved among Bacilli. Yet so far we have not
detected a conspicuous phenotype that we can attribute
to the Tyr28 — Ala substitution. A challenge for the
future will be to elucidate the molecular basis for the
effect on T7 RNAP activity and the role, if any, that Tyr28
plays in sporulation. Although the nature of how Tyr28
influences T7 RNAP activity remains mysterious, our
results clearly indicate that it represents a second in-
dependent function of Q that is separate from the role of
Q in creating what we have proposed is a feeding tube that
links the forespore to the mother cell.

Conclusions

Our central finding is that dependence on the AA-AH*Q
channel is not limited to the activity of ¢©. Rather, at
intermediates stages of sporulation, of-directed gene
expression, as well as gene expression directed by a het-
erologous RNA polymerase, T7 RNAP, are also depen-
dent on the channel proteins. The simplest interpretation
of these observations is that the channel does not in-
troduce a specific regulator of ¢© into the forespore. To
the contrary, we argue that the channel is a feeding tube
that provides one or more molecules, likely a small
molecule, such as a nucleotide (e.g., ATP) and/or amino
acid, that is generally needed for macromolecular syn-
thesis in the forespore as it is being enveloped by
the mother cell. If so, then the AA-AH*Q channel would
be the equivalent of a eukaryotic gap junction, bridging
the cytoplasm of the mother cell and forespore to
allow the diffusion of small molecules between the two
compartments.

Materials and methods

General methods

Bacterial strains were propagated in Luria-Bertani medium, with
antibiotics included, when appropriate, as follows: chloramphen-
icol (5 pg/mL), erythromycin plus lincomycin (1 pg/mL and 25
pg/mL, respectively), spectinomycin (100 pg/mL), kanamycin (5
pg/mL), phleomycin (0.4 ng/mL), and ampicillin (100 pg/mL). To
quantify spore formation, cells were induced to sporulate by
nutrient exhaustion in Difco sporulation medium (DSM)
(Schaeffer et al. 1965; Nicholson and Setlow 1990). After 24-h
growth in DSM at 37°C, the number of colony-forming units that
survived heat treatment (20 min at 80°C) was calculated. For all
other experiments (including measurement of lacZ reporter gene
activity, localization of GFP fusion proteins, and immunoblot
analysis), sporulation was induced by the resuspension method
(Sterlini and Mandelstam 1969; Nicholson and Setlow 1990).
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Cells were collected at intervals and either processed immedi-
ately or stored at —80°C for later processing.

Strain and plasmid construction

All strains were derived from the prototrophic laboratory strain
PY79 (Youngman et al. 1984). Details of strain and plasmid
sources and construction are given in the Supplemental Material.
Additionally, see Supplemental Table S1 for the full genotypes of
strains, Supplemental Table S2 for a description of plasmids, and
Supplemental Table S3 for a list of primers used in this study.

Kinetic B-galactosidase assay

To measure B-galactosidase activity, we developed a kinetic
assay based on a previously described method (Nicholson and
Setlow 1990). Briefly, cell pellets (corresponding to 1 mL of the
original sporulating culture) were resuspended in 0.5 mL Z-buffer
(60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCl, 1 mM MgSQOy,,
50 mM B-mercaptoethanol at pH 7.0). Fifty microliters of these
cells were added to individual wells of a clear 96-well plate
containing 50 pL of 0.4 mg/mL lysozyme in Z-buffer. Cell lysis
was allowed to proceed for 20-30 min at 37°C. Twenty micro-
liters of 4 mg/mL 2-Nitrophenyl B-D-galactopyranoside (ONPG;
Sigma-Aldrich) in Z-buffer were then added to each well and
mixed thoroughly. Absorbance at 420 nm for each reaction was
read once per minute for 1 h at 37°C in a Synergy 2 plate reader
(BioTek). B-Galactosidase activity (in arbitrary units [AU]) is
reported as the rate of ONPG conversion (i.e., V., with units
of mODyyo per minute) divided by the ODgg of the sample at
the time of collection. Standard curve analysis revealed that 1
AU ~4 Miller units.

Fluorescence microscopy

Cells were prepared for fluorescence microscopy as follows: At
hour 3 of sporulation, cells were harvested and resuspended in
1X PBS containing 1 pg/mL membrane stain FM 4-64 (Invitro-
gen). Cells were spotted onto a thin 1% agarose pad prepared on
a glass slide and immobilized with a poly-L-lysine-treated
coverslip. Fluorescence microscopy was performed with an
Olympus BX61 microscope fitted with an Olympus UPlanF1
100 phase-contrast objective. GFP fluorescence was visualized
using filter set U-M41001 (excitation filter 455-495 nm, dichroic
mirror 505 nm, emission filter 510-555 nm), while FM 4-64
fluorescence was visualized using filter set U-MWG2 (excitation
filter 510-550 nm, dichroic mirror 570 nm, barrier filter >590
nm). Images were captured with an RTE/CCD-1300-Y/HS cam-
era (Roper Scientific) using the Simple PCI imaging software
version 6.0 (Hamamatsu Corporation). Exposure times were
typically 500-1000 msec for both GFP and FM 4-64. Images were
adjusted for brightness and contrast using Adobe Photoshop CS3
software.

Immunoblot analysis

Cell pellets (corresponding to 1 mL of the original sporulating
culture) were resuspended in 75 pL of lysis buffer (50 mM Tris at
pH 7.5, 50 mM EDTA, 100 mM NaCl, 1 mg/mL lysozyme) and
incubated for 10 min at 37°C, followed by addition of 75 wL 2X
sodium dodecyl sulfate (SDS) sample buffer (100 mM Tris at pH
6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol) containing
200 mM dithiothreitol. Samples were heated for 5 min to 80°C,
and equal volumes (15 L) were separated by SDS—polyacrylamide
gel electrophoresis and transferred to an Immobilon-P
membrane (Millipore). Immunoblot analysis was performed with

Feeding tube model

monoclonal anti-T7 RNAP antibodies (Novagen; diluted 1:5000),
polyclonal anti-B-galactosidase antibodies (AbCam; diluted
1:5000), or polyclonal anti-o* antibodies (labratory stock; diluted
1:40,000}.
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