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Channels modestly impact compartment-specific ATP levels
during Bacillus subtilis sporulation and a rise in the mother cell
ATP level is not necessary for Pro-agk cleavage

Daniel Parrell, Lee Kroos”
Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing,
Michigan, USA

Summary

Starvation of Bacillus subtilis initiates endosporulation involving formation of mother cell (MC)
and forespore (FS) compartments. During engulfment, the MC membrane migrates around the FS
and protein channels connect the two compartments. The channels are necessary for post-
engulfment FS gene expression, which relieves inhibition of SpolVVFB, an intramembrane protease
that cleaves Pro-oK, releasing oK into the MC. SpolVFB has an ATP-binding domain exposed to
the MC cytoplasm, but the role of ATP in regulating Pro-oK cleavage has been unclear, as has the
impact of the channels on MC and FS ATP levels. Using luciferase produced separately in each
compartment to measure relative ATP concentrations during sporulation, we found that the MC
ATP concentration rises about twofold coincident with increasing cleavage of Pro-oX, and the FS
ATP concentration does not decline. Mutants lacking a channel protein or defective in channel
protein turnover exhibited modest and varied effects on ATP levels, which suggested that low ATP
concentration does not explain the lack of post-engulfment FS gene expression in channel mutants.
Furthermore, a rise in the MC ATP level was not necessary for Pro-aK cleavage by SpolVFB,
based on analysis of mutants that bypass the need for relief of SpolVFB inhibition.
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Abbreviated summary

During Bacillus subtilis endosporulation, the mother cell membrane engulfs the forespore and
channel complexes form that may impact ATP concentrations in the compartments. Upon
engulfment completion, channel destruction occurs and the Pro-oK cleavage complex is activated.
The mother cell ATP concentration was found to increase twofold coincident with channel protein
loss, but this was not required to activate Pro-oX cleavage.
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Introduction

Endospore formation by the bacterium Bacillus subtilis has long been a model system for
studies of cell-to-cell communication in bacteria (Losick & Stragier, 1992). The rod-shaped
cells initiate a remarkably complex sporulation process upon encountering starvation
conditions (Tan & Ramamurthi, 2014). A polar septum is formed, creating a large
compartment referred to as the mother cell (MC) and a smaller compartment destined to
become the forespore (FS). Next, the MC membrane migrates around the FS during the
process of engulfment, eventually pinching off the FS within the MC (Fig. 1). At this stage,
the FS compartment is surrounded by two membranes, separated by an intermembrane
space. Following engulfment, a modified peptidoglycan layer called the cortex is produced
in the intermembrane space and a protective protein coat is produced by the MC around the
FS. Once FS development is complete, the MC lyses, releasing a dormant spore.

B. subtilis sporulation is controlled by differential gene expression in the two compartments,
driven by the activation of alternative sigma factors (Higgins & Dworkin, 2012, Kroos,
2007). Several mechanisms ensure activation of oF in the FS shortly after polar septum
formation (Bradshaw & Losick, 2015). Activity of oF initiates a signaling pathway that leads
to proteolytic activation of Pro-oF in the MC (Konovalova et al., 2014). During the ensuing
engulfment process, o activity produces SpollQ, which inserts in the inner FS membrane,
and oF activity produces SpolllA proteins, which insert in the engulfing MC membrane
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(Fig. 1, left side), forming channels between the two compartments that are required for full
activity of o€ in the FS and maintenance of FS integrity (Blaylock et al., 2004, Doan et al.,
2005, Camp & Losick, 2008, Meisner et al., 2008, Camp & Losick, 2009, Doan et al., 2009,
Mearls et al., 2018). The activation of o€ coincides with completion of engulfment and
initiates a signaling pathway that leads to proteolytic cleavage of Pro-oX to active oK in the
MC (Kroos & Akiyama, 2013, Konovalova et al., 2014).

Intercellular communication is an essential function for multicellularity. In animals and
plants, gap junctions and plasmodesmata, respectively, provide channels for passage of small
molecules between cells. The channels that form between the MC and the FS during the
engulfment stage of B. subtilis sporulation have been proposed to function analogously
(Camp & Losick, 2009, Doan et al., 2009). Specifically, the MC has been proposed to
provide metabolites and/or osmolytes through the channels during engulfment that support
post-engulfment FS biosynthesis and integrity. Evidence for this “feeding tube model” is
that the channels are required not only for full activity of o€ in the FS, but for persistent
activity of oF in the absence of o€ and for activity of heterologous phage T7 RNA
polymerase produced in the FS, as measured by expression of /acZfusion reporters (Camp
& Losick, 2009). These findings support a general requirement of the channels for post-
engulfment FS transcription and/or translation. Channel function is also necessary to prevent
FS collapse after completion of engulfment, and this does not require o€ (Doan et al., 2009).
However, the identity of the small molecule(s) proposed to transit the channels is unknown.
Similarity of SpolllA proteins to components of protein secretion systems suggested that the
channels might transport a protein from the MC to the FS (Camp & Losick, 2008, Meisner
et al., 2008). A third possibility is that the channels play a structural role in maintaining FS
morphology, which is required for post-engulfment FS gene expression (Rodrigues et al.,
2016a). In Clostridium difficile, proteins similar to SpollQ and the SpolllA proteins of B.
subtilis are important for normal FS morphology, but are dispensable for at least a portion of
oC-dependent FS gene expression (Fimlaid et al., 2015, Serrano et al., 2016).

The extracytoplasmic domains of SpollQ and SpolllAH interact directly, forming a channel
in the intermembrane space surrounding the FS (Blaylock et al., 2004, Doan et al., 2005).
The channel appears to be gated on the MC (SpolllAH) side by other SpolllA proteins and
open on the FS (SpollQ) side (Meisner et al., 2008). SpolllIAA may function in substrate
transport, since it resembles secretion ATPases (Meisner et al., 2008) and its ATPase motifs
appear to be required for o activation (Doan et al., 2009). The eight SpolllA proteins and
SpollQ form a multimeric complex, which also includes GerM (Camp & Losick, 2008,
Meisner et al., 2008, Zeytuni et al., 2018, Rodrigues et al., 2016b). Structural determination
and modeling of channel protein complexes support the notion that they form large, stacked
rings capable of mediating communication and/or a structural connection between the MC
and FS (Rodrigues et al., 2016a, Zeytuni et al., 2017, Levdikov et al., 2012, Trouve et al.,
2018, Meisner et al., 2012).

Upon completion of engulfment, the channels likely cease to function. SpollQ is released
from immobile complexes and cleaved by SpolVB (Chiba et al., 2007). SpolllAH is rapidly
degraded (Meisner et al., 2008). The levels of SpolllAA and SpollIAE decline (Doan et al.,
2009).
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Although the function of the channels remains a mystery, we reasoned that channel function
may impact compartment-specific ATP levels. One possibility is illustrated in Figure 1.
During engulfment, channel function may maintain a similar ATP concentration in the two
compartments (top left). Upon completion of engulfment, loss of channel function may
increase the ATP level in the MC and decrease the ATP level in the FS (top right), since FS
ATP would continue to be utilized for gene expression, translation, and maintenance of
integrity. While it is possible that ATP itself is transported by the channels, this need not be
the case for channel function to affect compartment-specific ATP levels. To investigate
whether channel function affects MC and FS ATP levels, we devised a method to measure
the relative ATP concentration in each compartment during sporulation. The method relies
on compartment-specific synthesis of firefly luciferase (Luc), which catalyzes the ATP-
dependent oxidation of luciferin, producing light (Branchini et al., 1999). Luc has been used
to measure the relative ATP concentration in Escherichia coli (Schneider & Gourse, 2004),
and as a reporter of promoter activity during B. subtilis growth and sporulation (Mirouze et
al., 2011), but Luc has not been used to measure relative ATP levels in the two
compartments.

If the loss of channel function upon engulfment completion causes the MC ATP
concentration to rise, it may act as a signal to stimulate proteolytic cleavage of Pro-oX to
active oK by SpolVFB in the MC (Kroos & Akiyama, 2013, Konovalova et al., 2014) (Fig.
1, right side). SpolVFB is an intramembrane metalloprotease (Rudner et al., 1999, Yu &
Kroos, 2000) with a cystathionine-p-synthase (CBS) domain that binds ATP /n vitro, and
cleavage of Pro-oK by SpolVFB /i vitro depends on ATP (Zhou et al., 2009). The CBS
domain of SpolVVFB is predicted to be exposed to the MC cytoplasm (Fig. 1, bottom), based
on membrane topological analysis in £. coli (Green & Cutting, 2000). CBS domains in a
variety of proteins regulate activity in response to energy status by undergoing a
conformational change upon ligand binding (Baykov et al., 2011, Scott et al., 2004). Hence,
it was proposed that the CBS domain of SpolVFB senses the ATP concentration in the MC
and regulates Pro-oX cleavage appropriately (Zhou et al., 2009). Deletion of the SpolVFB
CBS domain resulted in no cleavage of Pro-oX upon co-production in £. coli (Halder et al.,
2017, Zhou et al., 2009). Co-production in £. coli of full-length, catalytically-inactive
SpolVFB with C-terminally truncated Pro-oX resulted in formation of a stable complex
(Zhang et al., 2016). Cross-linking of the purified complex (Halder et al., 2017, Zhang et al.,
2016) and of the two proteins co-synthesized in £. coli (Zhang et al., 2013) provided
constraints to build a homology model of the complex, which suggested that ATP-induced
movement of the SpolVVFB CBS domain might position Pro-oK for cleavage (Halder et al.,
2017). However, in a recent study, a SpolVFB-YFP fusion protein lacking the CBS domain
cleaved Pro-oK during sporulation of B. subtilis (Ramirez-Guadiana et al., 2018). Cleavage
was reduced, indicating that YFP can substitute for the CBS domain, albeit imperfectly. It
remains to be established whether the SpolVFB CBS domain senses the MC ATP
concentration and regulates Pro-oX cleavage.

In addition to potential regulation of SpolVVFB by ATP binding to its CBS domain in the
MC, SpolVFB is regulated by a signaling pathway initiated by o© in the FS. This pathway
involves two serine proteases, SpolVB and CtpB, produced under o€ control and secreted
into the intermembrane space (Cutting et al., 1991a, Wakeley et al., 2000, Zhou & Kroos,
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2005, Campo & Rudner, 2006, Campo & Rudner, 2007). SpolVB and CtpB cleave SpolVFA
and BofA, which form an inhibitory complex with SpolVFB (Cutting et al., 1990, Cutting et
al., 1991b, Ricca et al., 1992, Rudner & Losick, 2002, Zhou & Kroos, 2004) (Fig. 1, bottom
left). Recent evidence suggests that relief from inhibition induces a conformational change
in SpolVFB that promotes interaction with Pro-oK and cleavage to produce X (Ramirez-
Guadiana et al., 2018). Interestingly, the Pro-oK cleavage complexes co-localize with the
channel complexes composed of SpolllA proteins and SpollQ (Doan et al., 2005, Jiang et
al., 2005) (Fig. 1, left side). Interactions between proteins in the two complexes aid in
recruitment to the membranes surrounding the FS, but neither the molecular details of the
interactions nor whether they play a role beyond recruitment is known.

Here, we report the use of compartment-specific production of Luc to measure relative ATP
levels in the MC and the FS of wild-type (WT) cells and mutants, including in the presence
of inhibitors, to address several outstanding questions. Do ATP concentrations in the MC
and FS change during sporulation? Do channel proteins impact the MC and FS ATP
concentrations? If the MC ATP concentration does increase upon completion of engulfment
and loss of channel function (Fig. 1, top right), is the elevated ATP level necessary for
SpolVFB to cleave Pro-oK?

A Luc variant can detect changes in the ATP concentration in the mother cell and the

forespore

DNA constructs were built in which the gene for Luc or an H245F variant (Luc H245F,
which increases the K, for Mg-ATP from 160 pM to 830 pM) (Branchini et al., 1999) were
fused to the mother cell-specific spo//D promoter or to the forespore-specific spo/lQ
promoter (Sharp & Pogliano, 2002) in plasmids that allow gene replacement by homologous
recombination at the chromosomal amyE locus of B. subtilis (Shimotsu & Henner, 1986).
The resulting strains were used to test the sensitivity of Luc and Luc H245F to decreases in
the ATP concentration brought about by treatment of cells with the ionophore carbony!l
cyanide p-trifluoromethoxyphenylhydrazone (FCCP) at 3.5 h poststarvation (PS). FCCP is a
proton ionophore that quickly dissipates the proton motive force (pmf) and induces stress
responses (Jordan et al., 2008), resulting in a rapid four-fold decrease in the ATP
concentration in growing B. subtilis (Strahl & Hamoen, 2010). As controls, aliquots from
the same cultures were left untreated. The Luc substrate luciferin (which rapidly penetrates
into both the MC and the FS, see below) was added to each aliquot and used to measure the
luminescence intensity at 3.75 h PS (i.e. 15 min later). In addition, the Luc level was
assessed by immunoblot analysis.

For native Luc expressed from the corresponding gene fused to either promoter, neither
luminescence intensity (Fig. 2A) nor the protein level (Fig. 2B) changed much after
treatment with FCCP (100 uM). We conclude that native Luc was insensitive to any decrease
in ATP concentration brought about by the FCCP treatment, presumably because the ATP
concentration remained above the relatively low K, for Mg-ATP (160 uM) of native Luc
(Branchini et al., 1999). Insensitivity of native Luc to changes in ATP concentration in
growing bacteria has been reported previously (Schneider & Gourse, 2004, Di Tomaso et al.,
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2001). Both luminescence intensity (Fig. 2A) and the protein level (Fig. 2B) were less when
the gene was expressed from the spo//Q promoter than from the spo//D promoter.

In contrast to the situation when using the gene for native Luc, when the gene encoding Luc
H245F was expressed from either promoter, luminescence intensity decreased by about
sevenfold after FCCP treatment (Fig. 2C). Even without FCCP treatment, luminescence
from Luc H245F was much less than from native Luc (Fig. 2A), as expected since Luc
H245F has a larger K, for Mg-ATP and a 16-fold smaller turnover number (4z4t) than native
Luc (Branchini et al., 1999). The Luc H245F protein levels (Fig. 2D) were only slightly
lower than for native Luc (Fig. 2B), and changed little after FCCP addition (Fig. 2D).
Importantly, the decreased luminescence intensity from Luc H245F (Fig. 2C) appeared to
indicate significantly reduced concentrations of ATP in both the MC and the FS after FCCP
treatment.

To measure the effect of FCCP treatment on the cellular ATP concentration during
sporulation by an independent method, B. subtilisat 3.5 h PS were treated with FCCP (100
uUM) or left untreated for 15 min, then boiled to extract ATP. The concentration of ATP in the
extracts was determined by comparison with ATP solutions of known concentration (Fig.
S1A), using a well-established assay that measures luminescence intensity after mixing with
luciferin and firefly lantern extract containing Luc (McElroy, 1947). The ATP concentration
decreased more than fivefold after FCCP treatment (Fig. S1B), in approximate agreement
with the seven-fold decrease in luminescence intensity after FCCP treatment of strains
expressing the gene for Luc H245F from either promoter (Fig. 2C).

Taken together, the results are consistent with the expectation that the K, for Mg-ATP of
Luc H245F is closer than that of native Luc to the cellular ATP concentrations and therefore
a more sensitive indicator of changes in the ATP concentration 7 vivo. Hence, all
subsequent experiments utilized Luc H245F. Expression of the gene encoding Luc H245F
from the oF-dependent spo//D promoter and the o™ -dependent spo//Q promoter was
expected to confine the protein to the MC and FS, respectively (Sharp & Pogliano, 2002).
Since activity of oF depends on prior activity of oF, a null mutation in sigFwas expected to
prevent expression of the gene encoding Luc H245F from either promoter, whereas a null
mutation in s/gE was expected to prevent expression from the spo//D promoter but allow
expression from the spo//Q promoter. These expectations were met, based on measuring
luminescence intensity of strains bearing the fusions at the amyE locus of sigF or sigk
mutants at various times PS (Fig. S2). Therefore, we infer that expression of /uc H245F from
the spollD and spol/lQ promoters is indeed confined to the MC and FS, respectively.
Altogether, our results support the conclusion that compartment-specific expression of the
gene coding for Luc H245F during sporulation allows detection of about a seven-fold
decrease in the ATP concentration in both the MC and the FS after FCCP treatment.

Using Luc H245F to measure relative ATP concentrations in vivo

For the experiment shown in Figure S2, starvation was initiated in flasks; at 2 h PS, culture
aliquots were transferred to a 96-well plate in which luciferin had been added to the wells.
Like the flasks, the plate was subjected to vigorous shaking to aerate the samples. Beginning
at 2.5 h PS, shaking was stopped briefly to measure luminescence intensity, then shaking
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continued until the next measurement. We expected expression of /fuc H245F from the
spollD and spollQ promoters to increase between 1.5 and 2.5 h PS, based on /acZ
expression from these promoters (Sharp & Pogliano, 2002). We also expected luciferin to
rapidly enter B. subtilis without addition of a membrane permeabilizing agent (Mirouze et
al., 2011), in contrast to £. coli (Schneider & Gourse, 2004). However, in the previous
experiments with B. subtilis, luciferin was added during growth and sporulation was induced
upon nutrient exhaustion (Mirouze et al., 2011). Therefore, it was important to determine the
effects of adding luciferin at different times PS under our conditions of inducing sporulation
by the resuspension method (Sterlini & Mandelstam, 1969). We performed two such
experiments, which are described in the Supporting Information. The results suggest that
luciferin rapidly enters both the MC and the FS at 2 to 6 h PS, and is not significantly
depleted by Luc H245F activity (Fig. S3). Therefore, in the sporulation experiments reported
below, starvation was initiated in flasks; at 2 h PS, culture aliquots were transferred to a 96-
well plate in which luciferin had been added to the wells.

In agreement with the expectation that expression of /uc H245F from the spo//D and spol/Q
promoters would increase between 1.5 and 2.5 h PS (Sharp & Pogliano, 2002), Luc H245F
was observed at 2.5 to 6 h (Fig. 3A). In both compartments, the Luc H245F level reached a
maximum at 3.5 to 4 h PS, and decreased at later times. One method to account for different
levels of Luc H245F at different times is to measure the enzyme level by immunoblot and
use this value to normalize the measured luminescence intensity. The normalized
luminescence intensity is expected to reflect the cellular ATP concentration, provided Luc
H245F is limiting for luminescence. To determine a range over which Luc H245F is limiting
for luminescence, we created a strain bearing the IPTG-inducible Ayperspank promoter
fused to Juc H245F at the amyE locus and used it to produce Luc H245F at different levels
in parallel growing cultures. We reasoned that such cultures would have a very similar
cellular ATP concentration and therefore yield a very similar normalized luminescence
intensity over the range in which Luc H245F is limiting for luminescence. The experiments
are described in the Supporting Information. The results show that the normalized
luminescence intensity (i.e., luminescence intensity/Luc H245F protein level) is very similar
over a broad range of Luc H245F levels, indicating that Luc H245F is limiting for
luminescence over a broad range in growing cells (Fig. S4). Therefore, both luminescence
intensity and the Luc H245F protein level were measured in the experiments described
below, and the normalized luminescence intensity is reported as the “relative ATP
concentration.”

The available ATP concentration rises nearly twofold in the mother cell during sporulation
and does not decline in the forespore

To test for changes in ATP concentration during sporulation, strains expressing /uc H245F in
the MC or FS from the spo/lD or spollQ promoter, respectively, were starved to induce
sporulation and the luminescence intensities and Luc H245F protein levels were measured at
various times PS. The luminescence intensity rose in the MC and in the FS by 3 h and was
greater in the MC than in the FS through 6 h (Fig. 3B). We note that luminescence
intensities at 2.5 and 3 h were most variable between experiments (e.g. Fig. S3 and 3B),
which we attribute to differences in the timing of Luc H245F accumulation. For the
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experiment shown in Figure 3B, representative immunoblots show the Luc H245F levels
(Fig. 3A) and quantification of biological replicates is shown in Figure 3C. The Luc H245F
levels were on average slightly higher in the MC than the FS, and reached maxima at 3.5 h
and 4 h, respectively.

The relative ATP concentration (i.e., luminescence intensity/Luc H245F protein level)
showed an upward trend in the MC from 3.5 to 6 h PS (Fig. 3D). The increase from 3.5t0 5
h was 1.4-fold on average (P = 0.031 in a paired two-tailed #test) and from 3.5 to 6 h was
1.7-fold (P = 0.033). These results are consistent with the possibility that loss of channel
function upon completion of engulfment allows the MC ATP concentration to rise (Fig. 1,
top right).

The relative ATP concentration in the FS also showed an upward trend from 4 to 6 h PS
(Fig. 3D). The increase was 1.8-fold on average, but comparison of the data at the two time
points using a paired two-tailed £test yielded P = 0.17, owing mainly to the large standard
deviation of the 6 h samples. Importantly, we did not observe a decline in the FS ATP
concentration, which we thought might accompany loss of channel function upon
engulfment completion (Fig. 1, top right).

Although a decrease in FS luminescence intensity after FCCP treatment at 3.5 h PS was
detected using Luc H245F (Fig. 2C), our results in Figure 3D raised the question of whether
Luc H245F remains a sensitive indicator of decreased ATP concentrations at later times.
Therefore, the effects of 100 uM FCCP treatment on luminescence intensity and the Luc
H245F level were measured to determine the relative ATP concentration after FCCP
treatment as a percentage of the untreated control from 4 to 6 h PS. FCCP treatment
decreased the ATP concentration to 9-23% that of the untreated control at all times in both
compartments (Fig. S5), supporting the use of Luc H245F to measure decreases in ATP
concentration in the FS and MC during sporulation.

Since the relative ATP concentration increased nearly twofold on average in both the MC
and the FS from 3.5 or 4 h PSto 6 h PS (Fig. 3D), we measured the ATP concentration in
extracts of boiled cells at 3.5 and 6 h, expecting an increase at the later time. Instead, we
observed a decrease of nearly twofold (Fig. S6). As noted previously, the ATP pool available
to Luc H245F /n vivo may differ from the ATP pool extractable from cells by a particular
method (Schneider & Gourse, 2004). Presumably, boiling releases ATP from cellular
proteins or other macromolecules, and more accurately reflects the total ATP pool, whereas
the ATP pool available to Luc H245F better reflects that available for cellular processes /n
vivo. Under our conditions, <40% of the cells were not sporulating at 3.5 h and <30% were
not sporulating at 6 h (data not shown). Presumably, the non-sporulating cells fail to produce
Luc H245F and therefore have no effect on the measurement of relative ATP concentrations
(Fig. 3D). In contrast, non-sporulating cells contribute to ATP measured by extraction
methods, so a decrease in the total ATP pool in non-sporulating cells between 3.5 and 6 h
may contribute to the decrease observed in Figure S6. Additional discussion of this
experiment and others in which comparisons were made between the relative ATP
concentration determined using Luc H245F and the concentration of ATP in cell extracts,
can be found in the Supporting Information.
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Taken together, our results suggest that the available ATP concentration rises nearly twofold
in the MC between 3.5 and 6 h PS, while the concentration of ATP in the FS does not
decline. To help interpret these observations, we examined morphological changes and the
levels of key sporulation proteins in samples collected during the experiments to measure
ATP, as described in the next section.

The rising mother cell ATP concentration correlates with progression of engulfment,
cleavage of Pro-oK, and decreasing levels of channel proteins

To examine morphological changes during sporulation of the strains used to measure the
relative ATP concentration in the MC and the FS, confocal fluorescence microscopy was
used to track the progression from formation of flat polar septa to curved septa, through the
early stage of engulfment, and finally to the late or complete stage of engulfment (Fig. 4).
For simplicity, only the counts for the strain producing Luc H245F in the MC are shown.
The strain synthesizing Luc H245F in the FS exhibited no significant difference. The
majority of sporangia formed flat or curved septa at 2.5 and 3 h PS. By 3.5 h, most
sporangia were at the late stage of engulfment or had completed engulfment. Therefore,
progression to the late stage and completion of engulfment occurred with normal timing,
which we note correlated with the beginning of the rise in the available ATP concentration in
the MC (Fig. 3D).

To examine changes in protein levels during sporulation, samples were subjected to
immunoblot analysis. Cleavage of Pro-oK was observed at 4.5 h PS and the cleaved o level
rose thereafter (Fig. 5, wild-type cells), as expected (Halder et al., 2017). Cleavage of Pro-
oK requires completion of engulfment, ®-dependent expression of spo/VB, and relief of
inhibition of SpolVFB protease activity (Kroos & Akiyama, 2013, Konovalova et al., 2014).
The levels of SpolVVFA (a negative regulator of SpolVFB) (Cutting et al., 1991b, Rudner &
Losick, 2002) and SpolVFB decreased at 5 and 6 h (Fig. 5), as expected (Halder et al.,
2017). The levels of the channel proteins SpollQ and SpolllAH peaked at 3 to 3.5 h and
decreased thereafter, consistent with reported degradation of channels (Jiang et al., 2005,
Chiba et al., 2007, Meisner et al., 2008). We conclude that changes in protein levels during
sporulation occurred with normal timing. We note that decreasing levels of channel proteins
after 3.5 h (Fig. 5) coincided with the rising MC ATP concentration (Fig. 3D). This
correlation is consistent with the possibility that channel destruction upon engulfment
completion causes an increase in the MC ATP concentration (Fig. 1, top right). To gain
further insight into a possible role of the channels in regulating compartment-specific ATP
levels, we next examined the effects of null mutations in genes encoding channel proteins.

Loss of channel proteins has modest and varied effects on the ATP concentration in the
mother cell and the forespore

To test whether channel proteins impact the ATP concentration in either compartment during
sporulation, null mutations in spo/lQ, spolllIAH, and spol/llAA were transformed into the
strains that produce Luc H245F in the MC or FS. We chose these mutations because SpollQ
and SpolllAH form the channel (Blaylock et al., 2004, Doan et al., 2005), and SpolllAA
ATPase may control substrate transport through the channel on the MC side (Meisner et al.,
2008, Doan et al., 2009), whereas the functions of the other SpolllA proteins are less well-
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defined. To determine the relative ATP concentrations during sporulation, we measured the
luminescence intensities and Luc H245F levels of the mutants that synthesize Luc H245F in
the MC or FS. Like the WT strains, the luminescence intensities in the mutants were greater
in the MC than in the FS by 3 h PS and remained more intense in the MC than in the FS
through 6 h (Fig. S7). On average, the maximum luminescence intensity in the MC was
slightly greater in the spo//Q mutant and slightly less in the spo///AH mutant as compared to
WT cells and the spo//lAA mutant. The maximum Luc H245F level on average was about
two-fold lower in the FS of the spo//Q mutant and in both compartments of the spo//IAA
mutant as compared WT cells and the spo/l//AH mutant (Fig. S8). The two-fold lower Luc
H245F level in the FS of the spo/lQ and spol/lAA mutants was unexpected because the FS-
specific promoter we used (Londono-Vallejo, 1997) was previously shown to be equally
expressed in spol/Qand spolllAA-AH mutants compared to WT cells using a /acZ reporter
(Camp & Losick, 2009). The two-fold lower level of Luc H245F in the MC of the spo//lAA
mutant was also surprising, since the MC-specific promoter we used (Eichenberger et al.,
2004) was previously shown to be equally expressed in spo/l/A mutants compared to WT
cells using a /acZ reporter (Clarke et al., 1986). Perhaps the mutants differ from WT cells in
posttranscriptional regulation of Luc H245F levels. In any case, the luminescence intensities
and Luc H245F levels were within the usable range established by our control experiments
(Fig. S4A and SAD-F).

The relative ATP concentration in the MC was greater on average in the spo//Q and
spolllAA mutants than in WT cells from 3.5 to 5 h PS, and was greater in the spo///AA
mutant than in WT cells at 6 h as well (Fig. 6A). Using Student’s two-tailed #tests to
compare the data for each mutant with WT cells at the same time PS, P < 0.05 was observed
at the times indicated by the asterisks (P < 0.005 indicated by two asterisks). The results
suggest that the MC ATP concentration increases earlier in the spo//Q and spol/lAA mutants
than in WT cells, consistent with the hypothesis that functional channels normally decrease
the ATP concentration in the MC (Fig. 1, top right). However, the MC ATP concentration
did not increase after 3 h in the spo///AH mutant (Fig. 6A). Rather, the concentration was
less on average than in WT cells at all times measured, and P < 0.05 was observed at 4.5 to 6
h owing to the increase seen in WT cells. Thus, the loss of channel proteins had modest
effects on the MC ATP concentration, differing from WT cells by less than twofold on
average, and the effects varied for loss of different channel proteins.

The FS ATP concentration in the spo///AH mutant was less on average than in WT cells at
all times, and P < 0.05 was observed at 3 h and thereafter (Fig. 6B). However, the FS ATP
concentration in the spo//Q mutant was similar to that of WT cells, as was that of the
spolllAA mutant at 4 h and thereafter (i.e. P > 0.05), suggesting that a low ATP level does
not explain the lack of post-engulfment FS gene expression in the spo//Q and spolllAA
mutants (see Discussion). We conclude that the loss of channel proteins had modest effects
on the FS ATP concentration, differing from WT cells by less than twofold on average, with
the exception that loss of SpolllAH lowered the concentration more than twofold relative to
WT cells at 4.5 h and thereafter. We considered the possibility that SpollQ allows leakage of
ATP from the FS of the spo/l/AH mutant and the spo///AA mutant at 3 and 3.5 h, due to
impaired channel assembly/activity. However, we found that the spo//Q mutation did not
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restore the FS ATP concentration in either the spo//lAA or the spol/l/AH mutant background
(Fig. S9).

We characterized the membrane morphology of the spo//Q, spolllAH, and spolllIAA single
mutants. The spo/lQ and spo/l/AH mutants were impaired for engulfment. Unlike WT
cellls, the majority of mutant sporangia were in the early stage of engulfment when
examined at 6 h PS (Table 1). Approximately half of the sporangia that had advanced farther,
to the late stage or completion of engulfment, exhibited a FS that appeared to be smaller
than usual or misshapen, as reported previously (Doan et al., 2009). Additionally, a few
disporic cells (i.e. cells with a FS compartment at each end) were observed. The partial
defect in engulfment at 6 h was unexpected, since spo//Q and spol/lAH mutants have been
reported to exhibit only modest delays in completion of engulfment (Broder & Pogliano,
2006, Londono-Vallejo et al., 1997, Sun et al., 2000). However, SpollQ and SpolllAH are
essential for engulfment under certain conditions (Broder & Pogliano, 2006, Sun et al.,
2000), and apparently the two proteins play an important role in engulfment under our
conditions, which included transfer to 96-well plates at 2 h. We note the possibility that
partial defects in engulfment could impact compartment-specific ATP levels. In contrast, the
spolllAA mutant strains (i.e. the two strains with the same spo//lAA mutation, but
expressing /uc H245F in the MC or FS) were similar to WT cells at 6 h (Table 1). However,
as expected, at 24 h the efficiency of heat-resistant spore formation by the spo/l//AA mutants
was 0.01% that of WT cells.

We also characterized the mutants with respect to protein levels using immunoblot analysis
as for WT cells. The levels of SpolVFA and SpolVFB were similar to those in WT cells,
albeit with slightly less SpolVFA in the spo/lQ and spol/lAA mutants (Fig. 5). Also, in all
three mutants, the SpolVVFB level was higher than in WT cells at 6 h PS, presumably
because sporulation was blocked. As expected (Jiang et al., 2005), no oK was observed in
the spo/lQ and spollIAA mutants (Fig. 5). A very small amount of o was seen in the two
spolllAH mutant strains (engineered to express /uc H245F in the MC or FS), consistent with
the observations that spo///AH mutants form heat-resistant spores with higher efficiency
than other spo///A mutants (Doan et al., 2009) because SpolllAH and GerM are partially
redundant in function (Rodrigues et al., 2016b). The level of SpolllAH was lower in the
spollQ mutant than in WT cells, and accumulation of SpolllAH was delayed by about 30
min in the spo//Q and spolll/AA mutants (Fig. 5). The level of SpollQ was lower in the
spolllAA and spolllAH mutants than in WT cells, although the temporal pattern of
accumulation was similar.

In sum, our results provide evidence that loss of channel proteins has modest and varied
effects on the ATP concentration in both the MC and the FS, and that loss of one channel
protein can influence the level of other channel proteins.

Channel proteins persist in a spolVB mutant and the ATP concentration remains low in the
mother cell and the forespore

Since SpolVB is a protease that cleaves SpollQ (Chiba et al., 2007), we reasoned that
channels may not be degraded normally in a spo/VB mutant, perhaps impacting
compartment-specific ATP levels. To test this hypothesis, a null mutation in spo/VB was
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transformed into the strains that produce Luc H245F in the MC or FS. Indeed, the channel
proteins SpollQ and SpolllAH persisted in the spo/VB mutant strains at least until 6 h PS
(Fig. 7A), unlike in WT cells (Fig. 5). As expected, Pro-oK remained uncleaved in the

spol VB mutant strains (Fig. 7A), since SpolVB is required to relieve inhibition of SpolVFB
(Cutting et al., 1991a, Wakeley et al., 2000, Zhou & Kroos, 2005, Campo & Rudner, 2006,
Campo & Rudner, 2007). To determine the relative ATP concentrations during sporulation,
we measured the luminescence intensities and Luc H245F levels of the spo/VB mutant
strains. In both compartments, the luminescence was more intense at 2.5 h as compared to
WT cells, but comparable at later times (Fig. S7). At all times, the Luc H245F level in the
MC of the spo/VB mutant was higher than in the MC of WT cells (Fig. S8), but the levels
were within the usable range established by our control experiments (Fig. S4A and S4D-F).
Importantly, the relative ATP concentration remains low in both compartments during
sporulation (Fig. 7B). The failure of the ATP level to increase in the MC of the spo/VB
mutant is consistent with the notion that channel destruction upon engulfment completion in
WT cells causes the MC ATP concentration to increase (Fig. 1, top right). The FS ATP
concentration in the spo/VB mutant was less on average than in WT cells at all times after
2.5 h, and P < 0.05 was observed at 3.5 to 4.5 h (Fig. 7B).

Bypass mutants lacking channel proteins do not accumulate more oK than a bypass
mutant with channel proteins

The spollQ, spolllAH, and spolllAA mutants exhibited little or no accumulation of oK (Fig.
5), as expected since these mutants fail to activate o€ in the FS (Blaylock et al., 2004, Doan
et al., 2005, Camp & Losick, 2008, Meisner et al., 2008, Camp & Losick, 2009, Doan et al.,
2009). Activity of o is necessary to relieve inhibition of SpolVFB by SpolVFA and BofA,
allowing cleavage of Pro-oX (Cutting et al., 1991a, Zhou & Kroos, 2005, Campo & Rudner,
2006, Cutting et al., 1990, Rudner & Losick, 2002, Zhou & Kroos, 2004, Ramirez-Guadiana
et al., 2018). However, the dependence of Pro-oK cleavage on o© activity can be bypassed
by mutations in spo/VFA or bofA (Cutting et al., 1990, Cutting et al., 1991b, Ricca et al.,
1992). We reasoned that a bypass mutation in combination with a null mutation in spo//Q or
spolllAA might result in earlier and/or elevated accumulation of oK, because spo//Qand
spolllAA mutations increased the MC ATP concentration relative to WT cells (Fig. 6A), and
the CBS domain of SpolVFB may sense the MC ATP concentration and stimulate Pro-oK
cleavage (Halder et al., 2017, Zhou et al., 2009). We combined the bofB8 bypass mutation in
spol VFA with null mutations in spo/lQ, spolllAH, and spolllAA. All strains with the bofB8
mutation also have a null mutation in sigG, which codes for o© (Karmazyn-Campelli et al.,
1989). The sigG mutation blocks spo/VB expression (Cutting et al., 1991a), but the bofB8
mutation bypasses the need for SpolVB to relieve inhibition of SpolVFB (Cutting et al.,
1990). We measured the Pro-oX and o levels during sporulation. As expected (Cutting et
al., 1990), the bofB8 mutation advanced the timing of accumulation of X, but in
combination with the other mutations, o accumulation was barely detectable (spo//Q),
reduced (spol/lAH), or similar to bofB& alone (spolllAA) (Fig. 8A). Hence, mutants lacking
channel proteins did not accumulate oK earlier or at an elevated level. These results suggest
that the MC ATP concentration is not limiting for SpolVVFB cleavage of Pro-aX under these
conditions. Below, we consider two other factors that may have limited SpolVVFB cleavage
of Pro-oK in this experiment.
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First, we examined accumulation of SpolVVFB, because previously a bypass mutation
(bofA4) in combination with a null mutation in spo//Q was shown to greatly reduce
SpolVFB accumulation and o was undetectable during sporulation (Doan & Rudner,
2007). In contrast to the bofAA mutation, the bofB8 mutation in combination with a null
mutation in spo//Q did not impair SpolVFB accumulation, as compared with the bofB8
mutation alone (Fig. 8A). SpolVVFB accumulation was also similar for the bofB8 mutation in
combination with a null mutation in spo/l/AH or spolllAA.

Since SpolVFB accumulated, we considered the possibility that it was mislocalized.
Previously, null mutations in spo//Q or spollIAH-G (i.e. deletion of both spo/l/AG and
spolllAH) were reported to prevent localization of SpolVFB-GFP to the engulfing
membrane, although SpolVFB-GFP appeared to accumulate in the outer FS membrane after
completion of engulfment (Jiang et al., 2005). We created strains in which the native

spol VFB gene was C-terminally fused to g7p, resulting in production of a functional
SpolVFB-GFP fusion protein (Rudner & Losick, 2002). Immunoblot analysis of all the
strains with antibodies against GFP revealed that SpolVFB-GFP migrated at the expected
position, with very little or no free GFP due to degradation (Fig. S10). Therefore, we
examined SpolVVFB-GFP localization using confocal fluorescence microscopy. The bofB8
mutation alone or in combination with the null mutation in spo/l/AA, allowed
predominantly FS localization of SpolVFB-GFP (presumably to the outer FS membrane)
(Fig. 8B), consistent with their similar X accumulation (Fig. 8A). In contrast, the b0fB8
mutation in combination with a null mutation in spo//Q or spoll/lAH resulted in considerable
MC fluorescence in most sporangia (Fig. 8B), suggesting that SpolVFB-GFP was
predominantly mislocalized, which may explain why o accumulation was impaired (Fig.
8A).

We conclude that SpolllAA is not required for proper localization of SpolVFB-GFP or for
normal accumulation of SpolVFB in the context of the bofB8bypass mutation (Fig. 8). Yet,
loss of SpolllAA does not elevate oX accumulation in the bypass mutant (Fig. 8A), even
though loss of SpolllAA does elevate the MC ATP concentration relative to WT cells (Fig.
6A). Together, these results strongly suggest that the MC ATP concentration is not limiting
for SpolVFB cleavage of Pro-oK under these conditions. Moreover, in the strains with the
bofB8 mutation alone or in combination with the spo///AA mutation, o accumulates as
soon as Pro-oK is detected (Fig. 8A), suggesting that the MC ATP concentration is sufficient
for SpolVFB cleavage of Pro-oK before the ATP concentration rises in the MC (Fig. 3D).
Hence, even though SpolVB-dependent channel destruction upon engulfment completion
may cause the MC ATP level to rise (Fig. 7) as hypothesized (Fig. 1, top right), the rise does
not appear to be necessary for SpolVFB to cleave Pro-oX (Fig. 8A).

Both ionophores and chloramphenicol decrease the mother cell ATP concentration, yet
Pro-oX can be cleaved

Since SpolVFB did not appear to sense the rise in the MC ATP concentration, we tested
whether SpolVFB would be inhibited by a decrease in ATP concentration brought about by
treatment with an ionophore. In a previous study, the ionophore carbonyl cyanide 7+
chlorophenylhydrazone (CCCP) was shown to inhibit cleavage of Pro-oX during B. subtilis
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sporulation, but the inhibition appeared to be primarily due to decreased synthesis of
SpolVB (Kroos et al., 2002). SpolVB cleaves the extracytoplasmic domain of SpolVFA in
the space between the membranes surrounding the FS, relieving inhibition of SpolVFB
(Wakeley et al., 2000, Zhou & Kroos, 2005, Campo & Rudner, 2006, Ramirez-Guadiana et
al., 2018). The spo/VB gene is transcribed by o€ RNA polymerase (Cutting et al., 1991a),
which is the primary reason that o€ activity is required for Pro-oX cleavage (Cutting et al.,
1990). Using the same bofB8 sigG bypass mutant as in the experiments shown in Figure 8,
the inhibition of Pro-oX cleavage by CCCP (5 uM) was partially overcome (Kroos et al.,
2002). This raised the question whether 5 uM CCCP treatment substantially lowered the
ATP level in the MC during B. subtilis sporulation. Therefore, we compared the effects of
different ionophores at different concentrations on the relative ATP concentration in the MC.

We compared the effects of CCCP and FCCP treatments at 5 and 100 uM at 3.5 h PS. As
observed for treatment with 100 UM FCCP (Fig. 2C and 2D), the other treatments primarily
decreased the luminescence intensity (Fig. S11A) and had little impact on the Luc H245F
level (Fig. S11B), resulting in normalized values that indicate all four treatments decreased
the relative ATP concentration in the MC after 15 min (Fig. 9A). The decrease brought about
by 5 uM CCCP (~57%) was less than for 5 pM FCCP (~71%), and 100 uM CCCP (~81%)
or FCCP (~94%) caused larger decreases.

Since treatment with ionophores decreased the relative ATP concentration in the MC, we
tested whether cleavage of Pro-o* by SpolVFB was inhibited by ionophores. We used the
same bofB8 sigG bypass mutant as in the experiments shown in Figure 8 and in the previous
study (Kroos et al., 2002). As explained above, the bofB8 mutation bypasses the need for
o®-dependent expression of sp0/VB, which normally is required to relieve inhibition of
SpolVFB and allow Pro-oK cleavage (Cutting et al., 1990, Cutting et al., 1991b, Cutting et
al., 1991a). We anticipated that ionophores would inhibit protein synthesis (Kroos et al.,
2002), so it was necessary to bypass the need for synthesis of SpolVB. As a control, we
tested the effect of the protein synthesis inhibitor chloramphenicol (Cm) on Pro-oX cleavage
in the bypass mutant, expecting to observe cleavage based on the previous study (Kroos et
al., 2002). In the bypass mutant at 2.5 h PS, Pro-oK is more abundant than o¥ (Fig. 9B, lane
1), but by 3 h, oK is more abundant (lane 2), due to cleavage of Pro-o* by SpolVFB (the
oK/Pro-oK ratio is shown below each lane). Treatment at 2.5 h with CCCP or FCCP at 5 or
100 pM partially inhibited Pro-oX cleavage by 3 h (lanes 3-6) since the o*/Pro-oX ratio did
not increase as much as in lane 2, although it did increase a little in comparison with lane 1.
The ionophores also partially inhibited Pro-oK synthesis, as the combined accumulation of
Pro-oX and o/ in lanes 3-6 was less than in lane 2, but more than in lane 1 (Table S1). In
contrast, treatment with Cm did not inhibit Pro-oK cleavage (Fig. 9B, lane 7), although it
blocked further synthesis of Pro-oX (Table S1). The abundance of SpolVFB was similar at
2.5 hand at 3 h under all conditions (Fig. 9B, bottom panel). Because ionophores and Cm
had different effects on Pro-oX cleavage, we next investigated whether Cm affects the MC
ATP concentration.

We did not expect Cm treatment to decrease the MC ATP concentration, since Cm treatment
of growing E. coli cells increased the relative ATP concentration about twofold after 10 min,
presumably since less ATP was being utilized for protein synthesis (Schneider & Gourse,
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2004). However, we found that Cm, like the ionophores, decreases the luminescence
intensity by 15 min after treatment and has little effect on the Luc H245F level, hence
decreasing the relative MC ATP concentration (Fig. S12). The decrease (53%) was
comparable to that caused by 5 uM CCCP (57%) (Fig. 9A) and less than that by 100 uM
FCCP (73%) in the same experiment (Fig. S12). We note that the decrease by 100 uM FCCP
varied somewhat in different experiments (94% in Fig. 9A), but was consistently greater
than that by Cm or 5 uM CCCP. Since treatments with Cm or 5 uM CCCP led to similar
decreases in the MC ATP level after 15 min (Fig. 9A and S12C) but appeared to have
different effects on Pro-oK cleavage after 30 min (Fig. 9B), we next compared the treatments
more carefully in time course experiments.

We reasoned that the 5 uM CCCP treatment might cause the MC ATP concentration to
decrease more rapidly than the Cm treatment, explaining the partial inhibition of Pro-o*
cleavage by CCCP and the lack of cleavage inhibition by Cm (Fig. 9B). The treatments were
performed at 2.5 h to match the time of treatments in the experiment shown in Figure 9B.
We found that Cm caused the MC ATP concentration to decrease at least as rapidly as CCCP
(Fig. 9C and S13). Hence, these results do not explain the different effects of the two
treatments on Pro-oX cleavage (Fig. 9B). Since ionophores induce stress responses (Jordan
et al., 2008), the resulting pleiotropic effects on cellular physiology may inhibit Pro-o*
cleavage more than treatment with Cm.

Because Cm blocked further Pro-o synthesis (Table S1), yet allowed cleavage to oK after
30 min (Fig. 9B, lane 7), we repeated the experiment shown in Figure 9B in order to
examine the time course of Pro-oK cleavage. Without treatment at 2.5 h PS, the oK level
increased slightly after 5 min, markedly after 15 min, and overtook Pro-oX in abundance
after 30 min (Fig. 9D, lanes 1-4). Treatment with 5 uM CCCP inhibited Pro-oK cleavage as
reflected by the oX/Pro-oX ratio (lanes 5-7). The ratio did not increase after 30 min (lane 7),
as it had in the experiment shown in Figure 9B (lane 3), indicating that cleavage inhibition
varied slightly between experiments. In both experiments, 5 UM CCCP partially inhibited
Pro-oK synthesis as reflected by the combined accumulation of Pro-oK and o (Table S1;
compare lanes 5-7 with lanes 2-4 for the experiment shown in Fig. 9D). A small amount of
oK and a larger amount of Pro-oK accumulated steadily by 30 min after CCCP treatment
(Fig. 9D, lanes 5-7; Table S1). The increase in the level of oK suggests that Pro-o*
continued to be cleaved as the MC ATP concentration declined (Fig. 9C). Treatment with
Cm blocked further Pro-oX synthesis, yet the o%/Pro-oK ratio increased (Fig. 9D, lanes
8-10; Table S1), suggesting that Pro-oX cleavage continued as the MC ATP concentration
declined (Fig. 9C). These results strongly suggest that a low level of ATP in the MC can
support ongoing cleavage of Pro-oK, strengthening our conclusion that a rise in the MC ATP
level is not necessary for SpolVFB to cleave Pro-oX (Fig. 8A).

Discussion

We devised a method to measure the relative ATP concentration in each compartment during
sporulation and used the method to show that the ATP concentration rises nearly twofold in
the MC coincident with progression of engulfment, and decreasing levels of channel
proteins. The coincidence of these events is consistent with a model in which engulfment
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completion and ensuing channel destruction cause the MC ATP concentration to rise (Fig. 1,
top right). The failure of the ATP level to rise in the MC of a spo/VB mutant in which
channel proteins persist is also consistent with the model. However, the rise in MC ATP
concentration is not necessary for Pro-oX cleavage, based on our analysis of mutants that
bypass the normal requirement for the c©-dependent signaling pathway from the FS to
relieve inhibition of SpolVFB.

Although the model predicted a decrease in the FS ATP concentration after engulfment
completion (Fig. 1, top right), we did not observe a decline by 6 h PS, even though the
majority of Pro-o* had been cleaved to oX by that time, indicating that engulfment was
complete and o© had become active. Since expression of the o€ regulon consumes ATP, our
findings suggest that ATP must be generated in the FS post-engulfment. Because treatment
with a proton ionophore rapidly decreased the FS ATP concentration at 6 h PS, a pmf across
the inner FS membrane may drive ATP synthesis after channel destruction. Importantly, the
SpollQ and SpolllAA channel proteins were not required to maintain the normal FS ATP
concentration at 4 h PS and thereafter, yet post-engulfment FS gene expression fails in
spollQ and spolllAA mutants, suggesting that a factor other than ATP is lacking.

A limitation of using Luc H245F is the inability to observe individual cells microscopically
because light production is too low. In an effort to measure relative changes in ATP
concentration at single-cell resolution, we attempted expression of a codon-optimized
variant of the FRET-based ATP sensor AT1.03 (Imamura et al., 2009) in B. subtilis.
However, we were unable to generate a strain with sufficient expression to allow
measurements (see the Supporting Information).

Channel destruction upon engulfment completion correlates with a nearly two-fold rise in
the mother cell ATP concentration, but this is not necessary for Pro-aX cleavage

The findings that SpolVVFB has an ATP-binding CBS domain and that cleavage of Pro-oK by
SpolVFB /n vitro depends on ATP led to the suggestion that the SpolVFB CBS domain
senses the MC ATP concentration and regulates Pro-oK cleavage appropriately (Zhou et al.,
2009). In particular, it was attractive to propose that channel destruction upon completion of
engulfment (Chiba et al., 2007, Meisner et al., 2008, Doan et al., 2009) causes the MC ATP
concentration to increase and that this change is sensed by the CBS domain of SpolVFB,
triggering cleavage of Pro-oX (Konovalova et al., 2014, Kroos & Akiyama, 2013). Several of
our findings are consistent with the hypothesis that channel destruction upon engulfment
completion causes a rise in the MC ATP concentration, but our data do not support the
notion that the SpolVFB CBS domain senses the increase in the MC ATP level and triggers
Pro-oK cleavage.

While our findings are consistent with the hypothesis that SpolVVB-dependent channel
destruction upon engulfment completion causes the MC ATP level to rise, we cannot rule
out other interpretations. For example, the increase in ATP concentration in WT cells (Fig.
3D) could reflect an increase in the available ATP pool as the MC switches from expression
of the larger oF regulon to the smaller oK regulon (Eichenberger et al., 2004, Arrieta-Ortiz et
al., 2015). The absence of the rise in the spo/VB mutant could be due to its failure to
produce o (Fig. 7), whose activity normally initiates feedback loops that negatively
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regulate the o regulon (Wang et al., 2007, Zhang & Kroos, 1997, Zhang et al., 1999,
Serrano et al., 2015). However, two of the channel protein mutants we tested also fail to
produce oK (Fig. 5, spo//Q and spollIAA), yet the relative ATP concentration increased
earlier in the MC of these mutants than in WT cells (Fig. 6A). Interestingly, the MC ATP
concentration plateaued in the spo//Q mutant, but continued to rise in the spo///AA mutant
until 6 h. This difference may reflect different roles of SpollQ and SpolllAA in channel
function after 4 h. In the absence of SpollQ, the SpolllAH (Blaylock et al., 2004), SpolllAG
(Doan et al., 2009), and GerM (Rodrigues et al., 2016b) proteins mislocalize to the MC
membrane. Perhaps the SpolllA and GerM proteins eventually assemble to some extent in
the MC membrane, preventing the ATP concentration from continuing to rise after 4 h in the
spollQ mutant. In the absence of SpolllAA, channels may assemble but completely fail to
function due to the lack of SpolllAA ATPase activity (Doan et al., 2009), so the ATP
concentration continues to rise after 4 h in the spo///AA mutant. In the absence of
SpolllAH, the MC ATP concentration remained low (Fig. 6A). Since SpolllAH and GerM
are partially redundant in function (Rodrigues et al., 2016b), channels may assemble but
function aberrantly, so the ATP concentration never rises in the spo//lAH mutant.

Our data do not support the notion that the CBS domain of SpolVFB senses the rise in the
MC ATP concentration (Fig. 3D) and triggers Pro-oX cleavage (Fig. 5, wild-type cells),
although the timing of these events correlates fairly well. Rather, relief from inhibition by
SpolVFA and BofA appears to be sufficient to allow SpolVVFB to cleave Pro-oX before the
rise in MC ATP concentration. We found that oX accumulates as soon as Pro-oK is detected
in a bofB8 mutant, by 2.75 h PS (Fig. 8A), well before the rise in MC ATP concentration at
5to 6 hin WT cells (Fig. 3D). Also, the ratio of oK to Pro-o was not larger in the bofB&
spolllAA double mutant than in the bofB8 single mutant (Fig. 8A), although the MC ATP
concentration was expected to be greater in the double mutant, based on the elevated
concentration in the spo/l/AA mutant compared to WT cells at 3 and 4 h (Fig. 6A). These
observations suggest that the concentration of ATP in the MC is sufficient for SpolVFB
activity prior to the increase that accompanies engulfment completion and channel
destruction. In agreement, treatment with ionophores or Cm did not completely block Pro-
oK cleavage, despite lowering the relative MC ATP concentration to ~0.01 (Fig. 9), which is
at least two-fold lower than that present before the increase (Fig. 3D). It is possible that the
ionophore and Cm treatments did not lower the ATP level enough to block Pro-o cleavage.
However, our findings challenge the suggestion that the SpolVFB CBS domain senses the
MC ATP concentration and regulates Pro-oK cleavage appropriately (Zhou et al., 2009).
Since the energy status is often sensed as a ratio of adenine nucleotides (Scott et al., 2004),
perhaps the SpolVFB CBS domain senses the ratio of ATP to ADP and/or AMP in the MC.
Alternatively, binding of ATP to the SpolVVFB CBS domain may impact oligomerization
(Zhou et al., 2009), stability, and/or interactions with other proteins. In any case, YFP can
substitute for the CBS domain, producing a partially functional SpolVFB-YFP fusion
protein sufficient for sporulation (Ramirez-Guadiana et al., 2018).

The available ATP concentration in the forespore does not decline despite o€ activity

Our results suggest that the available ATP concentration is maintained in the FS at least until
6 h PS (Fig. 3D), well after 3.5 h when many sporangia have reached the late stage of
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engulfment or have completed engulfment (Fig. 4), and o€ activity in the FS has led to
efficient Pro-oK cleavage in the MC and a decrease of channel proteins (Fig. 5, wild-type
cells). We infer that o© activity does not rapidly deplete the available ATP in the FS after
completion of engulfment. Our results suggest that a pmf across the inner FS membrane
drives ATP synthesis in the FS after engulfment completion and channel destruction, since
treatment with a proton ionophore at 6 h dramatically lowered the relative FS ATP
concentration (Fig. S5). This result also indicates that FS ATP is being utilized at 6 h.
Presumably, expression of the o regulon accounts for some of the ATP utilization in the
FS.

How could a pmf be established across the inner FS membrane after engulfment completion
and channel destruction? One possibility is that the MC fuels respiratory chain activity in the
outer FS membrane that increases the proton concentration of the intermembrane space and
establishes a pmf across both FS membranes. Alternatively, perhaps reserves in the FS
generate a pmf across the inner FS membrane. Biochemical analysis of Bacillus megaterium
forespores has shown that several metabolites (3-phosphoglycerate, arginine, glutamate)
accumulate in forespores by 3 h PS (the earliest they could be isolated) or shortly thereafter
(Singh et al., 1977). Enzymes for 3-phosphoglycerate utilization are present (Singh et al.,
1977), perhaps accounting for some ATP synthesis, but 3-phosphoglycerate continues to
accumulate for later utilization during spore germination (Setlow & Kornberg, 1970). In
forespores, the 3-phosphoglycerate is not expected to feed into the citric acid cycle since
several enzymes are low or absent (Singh et al., 1977), so reduced substrates like NAD(P)H
would not be generated. In contrast, catabolism of arginine and/or glutamate could produce
NAD(P)H for respiratory chain activity to generate a pmf and ATP synthesis. This
hypothesis is based on studies of B. megaterium forespores and will need to be tested by
analyzing B. subtilis forespores.

ATP does not appear to be the limiting factor for post-engulfment forespore gene

expression

The FS ATP level on average was lower in the absence of SpolllAH than in the absence of
SpolllAA (Fig. 6B). In a spol/lAA mutant, the initial localization of SpolllAH to the polar
septum is delayed (Blaylock et al., 2004). Perhaps this finding accounts for the low FS ATP
level in the spo//IAA mutant at 3.5 h PS (Fig. 6B). Later during sporulation, proper
localization of SpolllAH in the spo//lAA mutant may allow the FS ATP level to recover.
The FS ATP level was comparable to WT cells in the spo//Q single mutant, at least until 4.5
h (Fig. 6B). The requirement for SpolllAH but not SpollQ to achieve the normal FS ATP
level at 3.5 to 4.5 h indicates that complete channels do not mediate this effect. Rather, we
speculate that the absence of SpolllAH alters the composition of the intermembrane space in
a way that lowers the FS ATP level, and delayed SpolllAH localization in the spo//IAA
mutant likewise temporarily lowers the FS ATP level.

At 5and 6 h PS, the FS ATP level was on average slightly lower in the spo/lQ, spolllAA,
and spo/VB mutants than in WT cells, but paired two-tailed #tests yielded P > 0.05 (Fig. 6B
and 7B). Although we cannot rule out the possibility that ATP is the limiting factor for post-
engulfment FS gene expression in the spo/lIQ and spol/lAA mutants, this seems very
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unlikely since o®-dependent genes are expressed in the FS of the spo/VB mutant (Cutting et
al., 1991a). Why then does o€ fail to become fully active in spo//Q and spo//lA mutants?
The transmembrane segment of SpollQ regulates expression of the gene for the anti-o©
factor CsfB (Flanagan et al., 2016) and several features of the sigG promoter, mMRNA leader
sequence, and start codon dampen expression (Mearls et al., 2018), but these findings do not
explain a more general requirement of SpollQ and SpolllA proteins for macromolecular
synthesis in the FS (Camp & Losick, 2009). Our data do not distinguish between models for
channel function that propose transport of small molecules (Doan et al., 2009) or a protein
(Camp & Losick, 2008, Meisner et al., 2008), or propose a structural role (Rodrigues et al.,
2016a). Interestingly, it was suggested that amino acids for protein synthesis in the FS would
be obtained from the MC because key amino acid biosynthetic enzymes are low or absent in
B. megaterium forespores (Singh et al., 1977) and/or mature spores (Setlow & Primus,
1975). Perhaps in WT cells the channels transport amino acids from the MC into the FS
during engulfment, and the amino acids are both used directly in protein synthesis and
catabolized to maintain the FS ATP concentration after the completion of engulfment as
discussed above.

Experimental procedures

Bacterial strains, plasmids, primers, and sporulation—Strains, plasmids, and
primers used in this study are listed in Table S2. Genes cloned after PCR or subjected to site-
directed mutagenesis were verified by DNA sequencing. B. subtilis strains were derived
from the WT strain PY79, the bofB8 sigG mutant SC777, or the sigE mutant AG185
(derived from strain 168). Plasmids for compartment-specific expression of the genes for
Luc and Luc H245F were transformed via natural competence using the ‘Gréningen
method’ (Bron, 1990) and selecting for chloramphenicol resistance (5 pg/mL). Gene
replacements at amyE were identified by loss of amylase activity on 1% potato starch
medium with Gram’s iodine solution (Shimotsu & Henner, 1986). The resulting strains were
then transformed (using the Groningen method) with chromosomal DNA to introduce a
mutation in spol/Q, spolllAA, or spolllAH by selecting for genetically linked phleomycin
resistance (0.5 ug/mL) and screening for a sporulation defect on DSM (Harwood & Cutting,
1990) containing 1.5% agar. Sporulation was induced by the resuspension method (Sterlini
& Mandelstam, 1969), initially in flasks with shaking (400 rpm) at 37°C. Each culture
contained approximately the same number of cells, based on an optical density of ~70 Klett
units at the time of resuspension to initiate starvation. In some experiments culture aliquots
were transferred to 96-well plates as described below, and vigorous shaking (orbital, high
setting) at 37°C was continued using a Filtermax F5 plate reader (Molecular Devices).
Shaking was interrupted only to measure luminescence intensity and collect samples.

Treatment of cultures with ionophores or chloramphenicol during sporulation
—TFor experiments in which luminescence intensity was measured, sporulation was induced
in flasks and at 3.5 h PS culture aliquots (200 pL) were transferred to a 96-well plate (black
walls, clear bottom) containing D-luciferin (4.5 mM final concentration), a concentration
300-fold higher than the K}y, for luciferin of native Luc and 50-fold higher than that of Luc
H245F (Branchini et al., 1999). For each strain, aliquots were either treated with ionophores
or chloramphenicol as indicated, or left untreated as a control. Luminescence intensity was
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measured using the Filtermax F5 plate reader mentioned above, then the samples were
centrifuged at 14,100 x g for 3 min, the supernatants were removed, and the cell pellets were
stored at —80°C for subsequent immunoblot analysis with anti-Luc antibodies. For
experiments in which the relative ATP concentration was determined, each Luc H245F
signal was quantified and normalized to a control sample on the same blot, as described
below. The luminescence intensity was divided by the Luc H245F protein level to yield a
normalized value representing the relative ATP concentration.

In related experiments, sporulation was induced in flasks and at the indicated time the
culture was split and subcultures in flasks were treated with ionophores or chloramphenicol
as indicated, or left untreated as a control, and then samples were centrifuged, supernatants
were removed, and cell pellets were stored at —80°C for subsequent ATP assays of cell
extracts (Fig. S1) or immunoblot analyses with anti-Pro-oX and anti-SpolVFB antibodies
(Fig. 9B and 9D).

Immunoblot analysis—Whole-cell extracts of B. subtilis were prepared as described
previously for E. coli (Zhou & Kroos, 2004), except 25 pL each of lysis buffer and 2x
sample buffer was used for cell pellets from 200 pL samples collected from 96-well plates,
and samples were incubated at 55°C for 5 min rather than boiling for 3 min. For experiments
in which samples were collected from flasks rather than from 96-well plates (Fig. 8A, 9B,
9D, S10, and S14B), equivalent amounts of cells based on the optical density at 600 nm of
the culture were collected from 0.5-1.0 mL by centrifugation at 14,100 x g for 3 min, the
supernatants were removed, and the pellets were stored at —80°C. Whole-cell extracts were
prepared as described above, except using 50 L each of lysis buffer and 2x sample buffer.
Proteins in equal volumes of samples were separated by SDS-PAGE using 14% Prosieve-50
(Lonza) polyacrylamide gels and electroblotted to Immobilon-P membranes (Millipore).
Blots were blocked with 5% nonfat dry milk in TBST (20 mM Tris-HCI [pH 7.5], 0.5 M
NaCl, 0.1% Tween) for 1 h at 25°C with shaking. Blots were probed with goat anti-Luc
horseradish peroxidase (HRP) conjugate (1:10,000) (Rockland catalog #200-103-150-0100)
or antibodies against SpolVFA (1:3000) (Kroos et al., 2002), SpolVVFB (1:5000) (Halder et
al., 2017), Pro-oK (1:3000) (Lu et al., 1990), SpollQ (1:10,000) (Doan & Rudner, 2007),
SpolllAH (1:10,000) (Campo et al., 2008), or GFP (1:10,000) (Kroos et al., 2002) diluted in
TBST with 1% milk and incubated overnight at 4°C with shaking. Antibodies not
conjugated to HRP were detected with a goat anti-rabbit-HRP antibody (1:10,000) (Bio-Rad
catalog #170-6515) diluted in TBST with 1% milk for 1 h at 25°C with shaking. Signals
were generated using the Western Lightning Plus ECL reagent (PerkinElmer) and signals
were detected using a ChemiDoc MP imaging system (Bio-Rad), with exposure times short
enough to ensure that signals were not saturated. Signal intensities were quantified using
Image Lab 5.1 software (Bio-Rad) volume tools.

For experiments in which the relative ATP concentration was determined, each Luc H245F
signal was quantified and normalized to a control sample on the same blot. To prepare the
control sample, B. subtilis strain BDP85, engineered to express /uc H245F in the MC, was
starved to induce sporulation. At 3.5 h PS, cells were collected by centrifugation and a
whole-cell extract was prepared as described above for samples collected from flasks, except
the whole-cell extracts from several pellets were combined. The resulting control sample
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was subjected to SDS-PAGE and immunoblot analysis in parallel with other samples
containing Luc H245F. The signal intensity of the other samples was normalized to the
signal intensity of the control sample on the same blot. In this way, differences between
blots in terms of blotting efficiency, antibody binding, and detection were taken into account.

Sporulation time-course experiments—Sporulation was induced in flasks and at 2 h
PS culture aliquots (200 pL) were transferred to a 96-well plate (black walls, clear bottom).
For experiments in which luminescence intensity was measured, for each biological
replicate, three aliquots were added to wells containing D-luciferin (4.5 mM final
concentration). Luminescence intensity was measured at intervals and averaged for the three
wells. For experiments in which the Luc H245F level was also measured, for each biological
replicate, seven aliquots were added to wells lacking luciferin (as a cost-saving measure
since luciferin is expensive) and at intervals, a sample was collected for subsequent
immunoblot analysis with anti-Luc antibodies as described above. A control experiment
showed that luciferin did not affect the Luc H245F level. At each interval, the average
luminescence intensity was divided by the Luc H245F level to yield a normalized value
representing the relative ATP concentration for that biological replicate. Some samples
subjected to immunoblot analysis with anti-Luc antibodies were also subjected to
immunoblot analysis with other antibodies (Fig. 5 and 7A) as described above.

For the sporulation time-course experiment shown in Figure 8A, samples for immunoblot
analysis were collected from flasks as described above, rather than from 96-well plates.

Fluorescence microscopy—The lipophilic dye FM 4-64 (AAT Bioquest) was used to
stain membranes. Sporulation was induced in flasks and at 2 h PS culture aliquots were
transferred to a 96-well plate with FM 4-64 (1 ug/mL final concentration), which does not
affect sporulation. At intervals, an aliquot was collected and frozen in liquid nitrogen or
examined immediately using a conventional fluorescence microscope. In several
experiments, freezing of samples had no effect and the spo//Q and spo/ll/AH mutants were
impaired for engulfment, whereas the WT strains and the spo//IAA mutants (i.e. the two
strains in each case, expressing /uc H245F in the MC or FS) reproducibly progressed to the
late stage and completion of engulfment with normal timing, based on qualitative
observations.

For the representative experiments shown in Figure 4 and Table 1, sporulation was induced
in flasks, at 2 h PS culture aliquots were transferred to a 96-well plate with FM 4-64, and at
intervals, aliquots were frozen as described above. Imaging was performed on an Olympus
FluoView FV-1000 filter-based confocal microscope. FM 4-64 (ex/em ~515/640 nm) was
excited using a 515 nM argon laser and fluorescence was captured using a BA560IF band
pass filter. A differential interference contrast image was also captured in order to score cells
based on the presence of a phase-bright forespore, indicative of completed engulfment. For
each sample, 150-250 cells were classified according to their morphological stage. For the
channel mutants, only a sample at 6 h PS was examined (Table 1).
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For the experiment shown in Figure 8B, sporulation was induced in flasks and at 3 h PS
samples were collected, FM 4-64 was added to stain membranes, samples were frozen in
liquid nitrogen, and imaging of fluorescence was performed as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Model for how channels may impact ATP concentrations and Pro-oK cleavage.
The top left panel illustrates ongoing engulfment, during which the MC membrane migrates

around the FS and active channel complexes form (Blaylock et al., 2004, Camp & Losick,
2008, Meisner et al., 2008, Camp & Losick, 2009, Doan et al., 2009). A possible function of
the channels is to maintain a similar ATP concentration in the two compartments. Inactive
Pro-oK cleavage complexes are associated with channel complexes (Doan et al., 2005, Jiang
et al., 2005). The bottom left panel indicates the proteins in each complex. The top right
panel illustrates complete engulfment. The FS has been pinched off within the MC. Channel
complexes are inactive or absent (the latter is depicted) (Meisner et al., 2008, Doan et al.,
2009, Chiba et al., 2007). The lack of channel function may cause the MC ATP
concentration to increase. Gene expression in the FS may cause the ATP concentration to
decrease. SpolVB and CtpB produced under o€ control in the FS (not shown) are secreted
into the intermembrane space and cleave SpolVFA and BofA (depicted as absent), relieving
inhibition of SpolVVFB (Cutting et al., 1991a, Wakeley et al., 2000, Zhou & Kroos, 2005,
Campo & Rudner, 2006, Campo & Rudner, 2007, Cutting et al., 1990, Cutting et al., 1991b,
Ricca et al., 1992, Rudner & Losick, 2002, Zhou & Kroos, 2004). The CBS domain of
SpolVFB (bottom right) may sense the elevated ATP concentration in the MC (Zhou et al.,
2009), so that Pro-oK is cleaved and oK is released into the MC.
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Fig. 2. Luc H245F detects decreases in compartment-specific luminescence intensity after FCCP
treatment during sporulation.

B. subtilis strains engineered to express the genes encoding native Luc or Luc H245F in the
MC or FS were starved to induce sporulation. At 3.5 h PS, culture aliquots were transferred
to a 96-well plate containing luciferin. Aliquots were left untreated as controls (=) or were
treated with 100 uM FCCP (+) for 15 min, prior to measuring the luminescence intensity in
arbitrary units (AU) and the Luc level in AU by immunoblot analysis with anti-Luc
antibodies. Each Luc signal was quantified and normalized to a control sample on the same
blot. Graphs show the average of three biological replicates and error bars represent one
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standard deviation. Two asterisks (**) indicate P < 0.005 and three asterisks (***) indicate P
< 0.0005 in paired two-tailed #tests comparing the data for the untreated control with the
FCCP-treated sample. Luminescence intensity from native Luc (A) and Luc H245F (C).
Levels of native Luc (B) and Luc H245F (D). Representative immunoblots are shown at the
top and quantification of replicates is shown below.
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Fig. 3. Therelative ATP concentration risesin the mother cell and doesnot declinein the
forespore during sporulation.

B. subtilis strains engineered to express /uc H245F in the MC or the FS were starved to
induce sporulation. At 2 h PS, culture aliquots were transferred to a 96-well plate, prior to
measuring the luminescence intensity in arbitrary units (AU) and the Luc H245F level in AU
by immunoblot analysis with anti-Luc antibodies. (A) Representative immunoblots showing
Luc H245F levels in the MC and the FS during sporulation. A control sample (C) on the
same blot was used for normalization of signal intensities. (B) Luminescence from Luc
H245F synthesized in the MC or the FS during sporulation. (C) Luc H245F levels in the MC
and the FS during sporulation. Each Luc H245F signal was quantified and normalized to a
control sample on the same blot. (D) Relative ATP concentration in the MC and the FS
during sporulation. For each biological replicate, the luminescence intensity was divided by
the Luc H245F level to yield a normalized value representing the relative ATP concentration.
The graphs show the average of three biological replicates and error bars represent one
standard deviation.
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Fig. 4. Morphological changes during sporulation.
B. subtilis strains engineered to produce Luc H245F in the MC or FS were starved to induce

sporulation. At 2 h PS, culture aliquots were transferred to a 96-well plate containing FM
4-64 to stain membranes. Images were collected at the indicated times PS using confocal
fluorescence microscopy. A representative rod-shaped cell (top, left panel; scale bar = 1 um)
and sporangia representative of each stage (top row; same scale) are shown, with cartoon
depictions of their membranes below. The percentage of sporangia (150-250 counted; rod-
shaped cells were not counted) at each morphological stage is listed at each time PS for the
strain producing Luc H245F in the MC. Gray fill indicates > 20%. Similar results were
observed for the strain engineered to produce Luc H245F in the FS, and for the WT parental
strain PY79 that does not produce Luc H245F.
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Fig. 5. Cleavage of Pro-oK and levels of channel proteinsin wild-type cells and mutants deficient

in channel proteins.

B. subtilis strains engineered to produce Luc H245F in the MC or FS were starved to induce
sporulation. At 2 h PS, culture aliquots were transferred to a 96-well plate. Samples
collected from aliquots at the indicated times PS were subjected to immunoblot analysis
using antibodies against SpolVFA, SpolVFB, Pro-aX, SpolllAH, and SpollQ.
Representative immunoblots are shown for WT cells and null mutants of the indicated
channel proteins. Similar results were observed for at least two biological replicates of
strains producing Luc H245F in the MC or FS.
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Fig. 6. Compartment-specific ATP concentration isaltered in channel mutants.
B. subtilis mutants unable to produce the indicated channel protein and engineered to

synthesize Luc H245F in the MC or FS were starved to induce sporulation. At 2 h PS,
culture aliquots were transferred to a 96-well plate, and at the indicated times PS the
luminescence intensity was measured (Fig. S7) and the Luc H245F level was assessed by
immunoblot analysis with anti-Luc antibodies (Fig. S8). For each biological replicate, the
luminescence intensity was divided by the Luc H245F level to yield a normalized value
representing the relative ATP concentration in the MC (A) or FS (B). Graphs show the
average of three or four biological replicates and error bars represent one standard deviation.
WT cell results are shown for comparison (same data as Fig. 3D). One asterisk (*) indicates
P < 0.05 and two asterisks (**) indicate P < 0.005 in Student’s two-tailed #tests comparing
the data for each mutant with WT cells at the same time PS.
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Fig. 7. Channé proteins persist in a spol VB mutant and the ATP concentration remainslow in
both compartments.

B. subtilis strains unable to produce SpolVB and engineered to produce Luc H245F in the
MC or FS were starved to induce sporulation. At 2 h PS, culture aliquots were transferred to
a 96-well plate, and at the indicated times PS the luminescence intensity was measured (Fig.
S7) and the Luc H245F level was assessed by immunoblot analysis with anti-Luc antibodies
(Fig. S8). Samples were also subjected to immunoblot analysis using antibodies against Pro-
oK, SpolllAH, and SpollQ. (A) Protein levels during sporulation. Representative
immunoblots are shown for the indicated proteins. Similar results were observed for at least
two biological replicates of strains expressing Luc H245F in the MC or FS. (B) Relative
ATP concentration in each compartment during sporulation. For each biological replicate,
the luminescence intensity was divided by the Luc H245F level to yield a normalized value
representing the relative ATP concentration in the MC or the FS as indicated. Graphs show
the average of three biological replicates and error bars represent one standard deviation.
WT cell results are shown for comparison (same data as Fig. 3D). One asterisk (*) indicates
P < 0.05 and two asterisks (**) indicate P < 0.005 in Student’s two-tailed #tests comparing
the data for each mutant with WT cells at the same time PS and in the same compartment.
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Fig. 8. Bypass mutants lacking channel proteins differ in cleavage of Pro-oX and Spol VFB-GFP
localization.
B. subtilis strains bearing the bofB&8 mutation alone or in combination with a null mutation

in spollQ, spolllAA, or spolllAH were starved to induce sporulation. All these strains have
a null mutation in sigG, which is bypassed by the bofB& mutation (Cutting et al., 1990). (A)
Immunoblot analysis. Samples collected at the indicated times PS were subjected to
immunoblot analysis using antibodies against Pro-oK and SpolVFB. Representative
immunoblots are shown. Similar results were observed for at least two biological replicates.
(B) Confocal fluorescence microscopy. The native spo/VFB gene was C-terminally fused to
gfp in the indicated strains, samples were collected at 3 h PS, and FM 4-64 was added to
stain membranes. Images of fluorescence from SpolVVFB-GFP and membranes, and the
merged images, are shown in the indicated columns, for representative sporangia with FS-
localized (bofB8and bofB8 spolllAA) or mislocalized (bofB8 spollQ and bofB8 spolllAH)
SpolVFB-GFP. In the top, left panel the scale bar = 1 um. The percentage of sporangia
(100-150 counted; rod-shaped cells were not counted) with FS-localized SpolVFB-GFP is
shown in the rightmost column.
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Fig. 9. lonophores and chloramphenicol decrease the mother cell ATP concentration but allow
Pro-oX cl eavage.

(A) Relative ATP concentration in the MC after ionophore treatment. B. subtilis engineered
to synthesize Luc H245F in the MC was starved to induce sporulation. At 3.5 h PS, culture
aliquots were transferred to a 96-well plate containing luciferin. Aliquots were left untreated
as controls (=) or were treated with an ionophore as indicated for 15 min, prior to measuring
the luminescence intensity and the Luc H245F level by immunoblot analysis with anti-Luc
antibodies (Fig. S11). For each biological replicate, the luminescence intensity was divided
by the Luc H245F level to yield a normalized value representing the relative ATP
concentration. The graph shows the average of three or four biological replicates and error
bars represent one standard deviation. Two asterisks (**) indicate P < 0.005 and three
asterisks (***) indicate P < 0.0005 in paired two-tailed #tests comparing the data for the
untreated control with the treated sample. (B) Cleavage of Pro-oK after ionophore or Cm
treatment. B. subtilis with a null mutation in sigG and the bofB8 mutation that bypasses the
need for sigG (Cutting et al., 1990) was starved to induce sporulation. At 2.25 h PS, the
culture was split, and at 2.5 h, the cultures were left untreated as a control (=) or were treated
with an ionophore or Cm as indicated until 3 h. Samples were subjected to immunoblot
analysis with antibodies against Pro-o® and SpolVFB. A representative immunoblot is
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shown (dotted lines indicate intervening lanes were removed from the blot). The asterisk
indicates a breakdown product of Pro-oK or a cross-reactive protein. The oK and Pro-oX
signal intensities were quantified (Table S1) and the ratio is shown. Similar results were
observed for at least two biological replicates. (C) Relative ATP concentration in the MC
after CCCP or Cm treatment. The experiment was performed as described for panel A,
except at 2.5 h (to match panel B), aliquots were transferred to a 96-well plate containing
luciferin. Aliquots were left untreated as controls (=) or were treated with CCCP or Cm as
indicated for 5, 15, or 30 min, prior to measuring the luminescence intensity and the Luc
H245F level (Fig. S13). For each biological replicate, the luminescence intensity was
divided by the Luc H245F level to yield a normalized value representing the relative ATP
concentration. The graph shows the average of three biological replicates and error bars
represent one standard deviation. One asterisk (*) indicates P < 0.05 and two asterisks (**)
indicate P < 0.005 in paired two-tailed #tests comparing the data for the untreated control
with the sample treated for the same amount of time. (D) Cleavage of Pro-o after CCCP or
Cm treatment. The experiment was performed as described for panel B, except cultures were
left untreated as a control (=) or were treated as indicated for 5, 15, or 30 min.
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Table 1

Morphology of bacterial strains after 6 h of starvation.

Srain? Per centage of sporangia at each morphological stage
ran Flat septa | Curved septa | Early engulfment | Lateor complete engulfment
WT 4 4 5 87
spollQ 13 7 59 21
spolllAH 9 12 42 37
spolllAA 8 5 4 83

aB. subtilis wild-type (WT) or mutant strains engineered to produce Luc H245F in the MC or FS were starved to induce sporulation. At 2 h PS,
culture aliquots were transferred to a 96-well plate containing FM 4-64 to stain membranes. Images were collected at 6 h PS using confocal
fluorescence microscopy. The percentage of sporangia (150-250 counted; rod-shaped cells were not counted) at each morphological stage is listed
for the strains synthesizing Luc H245F in the MC. Data for WT cells are from Figure 4. Gray fill indicates > 40%. Similar results were observed
for the strains synthesizing Luc H245F in the FS.
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