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To ensure the future existence of its progeny in times of starvation or other stress,

Bacillus subtilis undergoes a process called sporulation. The resultant spore is capable of

surviving extreme heat, irradiation, strong acids, and desiccation. This developmental

pathway begins with an asymmetric cell division giving rise to two cells of unequal size,

the smaller of which is known as the forespore. The larger mother cell begins a

phagocytosis-like process called engulfment, where its membranes track around the

Xii



smaller forespore eventually enclosing it. The completion of engulfment serves as a
morphological checkpoint to activate 6©, which leads to the eventual activation of c~.
The mother cell transcription factor ¢* is activated by SpoIVFB, an intramembrane
protease that requires the c° produced SpoIVB protein for its activity. My thesis research
demonstrates that SpoIl VFB activity, and thus " activation, are governed by two
independent checkpoints: the previously identified forespore checkpoint under the control
of 6“ and a separate checkpoint regulated by the completion of engulfment. My research
demonstrates that SpoIlVFB protein levels are not directly proportional to 6* activity,

supporting the hypothesis that Spol VFB activity is regulated.
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CHAPTER I

Introduction



A. Environmental stress: sensing and responding

The ability to sense the environment is one that is indispensable for bacteria that
live in changing environments. Without the capacity to sense nutrients, ionic strength,
osmotic activity, and possible toxic compounds, bacteria would be ill-equipped to survive
in our many complex ecosystems. When environmental conditions become unfavorable,
bacteria sense these changes and are able to turn on genes to produce proteins and
metabolites to help protect themselves against adverse surroundings.

The most common mechanism utilized by bacteria to sense environmental stress
is two-component signal transduction. This system includes a membrane-bound histidine
kinase that senses the environment, and a response regulator that triggers a cellular
response [9, 10]. After sensing environmental change through its sensor domain, the
histidine kinase domain is autophosphorylated [11]. The phosphate group is transferred
to the response regulator, changing its conformation, and allowing it to bind to promoter
regions of downstream genes [12]. This enables transcription of genes to deal with the
specific environmental condition.

Many bacteria respond to difficult environments by entering stationary phase and
lowering their metabolic activity. Other bacteria, such as Pseudomonas aeruginosa are
able to protect themselves by forming biofilms [13], producing catalase [14], or
expressing betalactamases [15] after extended treatment with hydrogen peroxide, and
beta-lactam antibiotics, respectively. Bacilli and Clostridia are bacteria that are capable
of surviving the most extreme conditions for extended periods of time. By forming an
endospore, these bacteria encapsulate their genetic material within a highly protective,

specialized cell capable of enduring nutritional deficit and severe environments



Bacillus subtilis is the conventional model for studying endospore formation in a
laboratory setting. This investigation discusses work done predominantly in this species.
The information garnered by studying the mother cell and forespore’s divergent
morphological and physiological changes will give the field of developmental biology

insight as to how more complex systems might function.

B. The last resort: sporulation stimuli and the phosphorelay system

Starvation is the main sporulation stimulus, but high population density is also a
crucial factor. With increasing cell density, quorum sensing peptides are secreted into the
medium. When these peptides reach a critical concentration, they are sensed by cell
surface receptors, giving the bacteria information about their population density [17]. A
phosphorelay is activated, however, neither starvation nor high cell density cause a
commitment to sporulation [17]. In fact, since sporulation is a lengthy and energetically
costly process, the bacteria seem to use it only as a last resort, and have many other
survival mechanisms and proteins dedicated to inhibiting or delaying sporulation [20].

It is well known that sporulation is induced by nutrient limitation and could be
specifically caused by cells lacking sources of carbon, nitrogen, or phosphorus. It is
currently believed that guanine nucleotides, GDP and GTP, are possible intracellular
gauges for nutrient availability [17, 21]. When nutrients are scarce, GTP levels drop. It
has been suggested that a repressor of early stationary phase and sporulation genes, CodY
[22, 23], binds GTP in the cell and, once in this active state, causes repression. When
nutrients are lacking and cause GTP levels to decrease, CodY is no longer active and

sporulation can be initiated [17].



To respond to varying extracellular signals including nutrient limitation, Bacillus
subtilis utilizes five histidine kinases, KinA-KinE [24]. These sensor kinases transfer
phosphate to SpoOA indirectly through two intermediates, SpoOF and SpoOB (Figure 1).
Microarray analysis has shown that more than 10% of all B. subtilis genes are directly or
indirectly under the control of SpoOA [25], while phosphorylated SpoOA is a vital
positive regulator of sporulation. Low levels of phosphorylated SpoOA (SpoOA~P) are
produced while the cells are still in exponential phase but nutrients are limited. The
primary task of SpoOA~P at this point is to repress abrB, a gene that encodes a repressor
of many stationary phase genes [17].

Many of the genes repressed by AbrB encode proteins useful for other survival
mechanisms of the cell including motility, chemotaxis, degradation of macromolecules,
and import of alternate nutrients [17]. Alternate survival mechanisms include uptake of
foreign DNA and transformation, and producing antibiotics to eliminate competition and
utilize resultant nutrients [20]. The initial function of SpoOA~P indeed seems to aid in
maintaining cell growth and hinders the onset of sporulation.

The phosphorelay intermediate SpoOF is phosphorylated by histidine kinases, and
then auto-dephosphorylated by Rap proteins (Figure 1). This ensures that SpoOA will be
minimally phosphorylated and only conservatively activate stationary phase genes. As
nutrients become increasingly scarce, extracellular signals increase, thus amplifying the
rate of phosphorylation of the intermediates. Eventually Rap proteins no longer act on
SpoOF~P [26, 27] and high levels of SpoOA~P result. The increased levels of SpoOA~P

act as a positive regulator for genes necessary for sporulation [17].



In a last ditch effort to further postpone the commitment to sporulation, it has
been shown that cells early in sporulation secrete sporulation delaying and killing factors
(to which they themselves are immune) that delay sporulation in and cause lysis of sister
cells [19, 20]. The cannibal cells can then use the nutrients to facilitate further growth or

support eventual sporulation.

C. Morphological changes of early engulfment

The first step in sporulation calls for chromosome condensation and an
asymmetric cell division where, instead of dividing midcell, a septum forms at one-third
the cell length close to the cell pole. This forms two cells of unequal size: a smaller cell
deemed the forespore, and a larger compartment called the mother cell (Figure 2A). The
condensed chromosome is then pumped into the forespore by the SpollIE protein (Figure
3B) [20]. Following this, the septum thins and the mother cell begins to migrate around
the forespore (Figure 2B), beginning engulfment, a process resembling phagocytosis
(Figure 3C,D). After engulfing the forespore, the mother cell membranes fuse at the cell
pole, an event mediated by SpollIE (Figure 3F) [28].

Two distinct, complementary models have been proposed for the mechanism of
engulfment. The first model is based on evidence that SpolID and SpolIP are highly
active peptidoglycan hydrolases and are in a complex with SpolIM at the septum [29-30,
64]. This data, and the failure to identify other proteins that are essential for engulfment,
but dispensable for viability, led to the model that SpolID and SpolIP (anchored to the

membrane by SpolIM) hydrolyze the cell wall between the mother cell and forespore,



thereby pulling the mother cell membranes around the forespore. In this model,
membrane migration is driven by cell wall hydrolysis [30].

The second proposed contribution to membrane migration is a ratchet-type
mechanism consisting of a zipper-like interaction between two interacting membrane
proteins, SpollQ and SpolllAH [7, 31]. Since SpollQ is produced in the forespore while
SpollIAH is produced in the mother cell, the only place where they can interact is at the
septum. This interaction is essential for the septal localization of many other sporulation
proteins, including SpoIVFA and SpoIVFB, which are required for ¢* activation, the
topic of my thesis research. Broder and Pogliano [31] found that when peptidoglycan is
enzymatically removed, engulfment is still completed. Since this case involves no cell
wall to hydrolyze, it is impossible that SpolID is driving this migration, and indeed, the
DMP proteins are dispensable for this process. However, the SpollQ and IIIAH proteins
are essential for protoplast engulfment. It is shown that during engulfment, SpollQ
makes a stationary structure, working with SpollIAH as a ratchet, locking in forward
membrane migration and preventing reversal [31]. The Q-AH zipper is not normally
required for engulfment in intact cells, but is required when DMP activity is reduced, or
in the absence of SpolIB. It is believed that the Q-AH zipper can mediate DMP
localization in the absence of SpolIB by recruiting FA and SpoIVFB to the septum [29].
Engulfment is essential for the survival of the individual sporulating cell, which is
terminally differentiated at the time of engulfment. Thus, it is under strong selective
pressure. It is reasonable to believe that the cell would employ two distinct systems to

ensure the completion of engulfment.



D. Intercellular communication

Intercellular communication between the forespore and mother cell is a critical
component for proper sporulation in Bacillus subtilis. Communication between these two
cells governs the activity of four transcription factors that activate consecutively in either
the forespore or the mother cell after the completion of two key morphological events
(Figure 4). The first event is polar septation, which activates a forespore transcription
factor, 6'. The ¢" transcription factor is required for 6" activation in the mother cell
compartment. The second morphological event is the completion of engulfment, which
allows 6 (which is synthesized by the previous forespore transcription factor, ") to
become active in the forespore. The 6 factor is required for the activation of the final
transcription factor, 6~, in the mother cell. The temporal order is due in large part to the
dependency of mother cell transcription factors on forespore transcription factors. Thus,
the activation of each sigma factor is dependent on its predecessor and on specific
morphological events of sporulation.

The first sigma factor, ¢, is synthesized prior to the formation of the polar
septum, but is held inactive until after septation by an anti-sigma factor, SpollAB, which
binds to ', and prevents its interaction with RNA polymerase. The anti-sigma factor
SpolIAB is a protein kinase that can also phosphorylate and inactivate an anti-anti sigma
factor, SpolIAA. The completion of polar septation allows activation of the SpolIE
phosphatase, which dephosphorylates SpollAA. The anti-anti sigma factor SpolIAA can
then bind and inactivate the anti-sigma factor SpolIAB. Free from its inhibitor, ' is now
able to activate gene transcription [20, 55-56]. The 6" factor transcribes about forty-eight

genes, including spolllG, the gene for 6© [57]. The 6 factor is a forespore-specific, late



sporulation transcription factor that is present, but held inactive until after the completion
of engulfment. The o factor controls another gene, SPolIR, which makes the protein,
SpolIGA, a membrane protease that cleaves pro-" into active 6". Although pro-c" is
present in the cell before the septum forms, it is activated only in the mother cell, in part
because it is degraded in the forespore compartment [20]. The transcription factor, ¢",
controls 262 genes including genes necessary for the activation of the final transcription
factors, 6° and 6~, which are activated following engulfment [59-61].

The final transcription factors depend on the completion of engulfment. Much
less is known about the mechanism by which the forespore transcription factor, ¢, is
controlled than about the mother cell transcription factor, 6*. In addition to inhibiting ",
some findings suggest that the SpolIAB anti-sigma factor also prevents o activity until
after engulfment, when it is deactivated by SpolIAA [62]. Other findings suggest that an
independent mechanism may hold ¢ inactive until after engulfment, and that SpolIAB
only plays a minor role, if any role at all [63]. The mother cell and forespore genes,
spoll1A and spolllJ, respectively, encode membrane proteins and are necessary for ¢°
activation following engulfment [65-67]. Although many regulators of ¢ activation
have been discovered, the mechanisms by which they, in concert with the completion of
engulfment, effect 6 activation remain unknown. The 6 transcription factor regulates
over 100 genes [68] including genes required for the activation of 6*, the late mother

cell-specific transcription factor [57,69].



E. Activation of ¢*

Engulfment is essential for both c“ and ¢* activation, but the mechanism by
which the cell senses the completion of engulfment is still unknown. It has recently been
shown that inactivation of the ¢"-directed csfB locus leads to premature activation of ¢©
[83]. In the absence of CsfB, 6© becomes active after septation, rather than after the
completion of engulfment. This is believed to be independent of the SpolIIA-SpolllJ
pathway, which is involved in 6% activation following the completion of engulfment [65-
67]. Mutations in SpolllA and spolllJ arrest sporulation after engulfment, but before
activation of °. It was thought that these genes code for products that release 6© from
inhibition by SpolIAB [66]. The workings of spolllA and spolllJ have recently been
thrown back into mystery by the new data that suggests that SpolIAB is either redundant
or has no function in the inhibition of 6° [63]. Even though it is still unknown how
engulfment regulates 5, it is known that engulfment is necessary for its activation and
that of ¢* as well.

The engulfment-dependent activation of 6° is necessary for the activation of 6¥, a
late mother cell transcription factor. Pro-c~, the inactive precursor of ~, is present
before the completion of engulfment and tethered in the outer forespore membrane [70].
Following engulfment, ¢ upregulates production of spolVB, which encodes a protein
involved in a signal transduction cascade responsible for eventual activation of 6*.
Subsequently, 6~ activates genes necessary for formation of the protein spore coat and
eventual lysis of the mother cell [61]. SpolVFB, an intramembrane zinc metalloprotease,
cleaves pro-c® into active 6¥, which is released into the mother cell, activating gene

transcription [69].



10

Activation of 6 by SpolVFB is an example of regulated intramembrane
proteolysis (RIP). RIP is a means of signal transduction by which transmembrane
proteins are cleaved by membrane-bound proteases. RIP is a widespread mechanism that
has been observed from bacteria to humans and other animals [84]. RIP is mediated by a
group of membrane-bound proteases, deemed I[-Clips (Intramembrane-cleaving
proteases) [78]. SpolVFB belongs to a subset of I-Clips, the site-2 proteases, or S2P, and
is a zinc metalloprotease [79,80]. Zinc metalloproteases are characterized by an active
site HExxH motif within a transmembrane segment [78,79]. SpolVFB also has a second
conserved NPDG domain. Both domains are important for * cleavage (Figure 6) [78-
80]. [80].

In other organisms, S2Ps serve varying functions. In spite of this, the mechanism
by which they work is the same, and the proteins are recognized by their conserved active
site domains. Vibrio cholerae and Mycobacterium tuberculosis S2P proteins YaeL and
Rv2869c, respectively, control important virulence genes [78]. Human S2P is shown to
cleave sterol regulatory element-binding proteins (SREBPs) which then initiate
transcription of genes in the cholesterol and fatty acid biosynthetic pathways. S2P also
regulates the unfolded protein response (UPR) in the endoplasmic reticulum [85].
MmpA, a Caulobacter crescentus S2P, is important for the preservation of cell
asymmetry, a factor needed for assembly of pili and holdfast at the proper cell pole [86].
These cases illustrate the diversity of S2Ps and the widespread prevalence of RIP as a
means of signal transduction.

During engulfment, SpoIVFB is held in a complex with SpolVFA, and BofA,

which inhibits SpoIVFB activity (Figure 5). In the absence of BofA, SpoIVFB is
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uninhibited and can thus activate 6 without the need for SpoIVB or o activity.
SpoIVFA is responsible for proper interaction between BofA and SpolVFB, and also
mediates their localization to the outer forespore membrane [71] via an interaction with
the Q-AH zipper [41, 87]. SpoIVFB is thought to be inhibited by BofA through its
provision of a metal ligand that blocks SpolVFB’s active site [72]. Elimination of BofA
bypasses the normal requirement for the previous activation of the forespore transcription
factor, GG, for the activation of 6™, which I will refer to as the forespore checkpoint.

The forespore checkpoint for 6™ activity depends on the activation of SpoIlVFB
by two serine proteases. The first and most critical protease is Spol VB, which is
upregulated by 6, and secreted from the forespore into the intermembrane space
between the forespore membranes (Figure 5) [73-74]. A small amount of SpolVB is
produced during engulfment by ¢" directed gene expression, but it is believed to be held
inactive by a protein called BofC [75]. After secretion into the intermembrane space and
the completion of engulfment, SpolVB cleaves Spol VFA, relieving its BofA-mediated
inhibition [74-75]. Another protease, CtpB, thought to be produced by both cells, is
found in the intramembrane space and is believed to cleave both SpolVFA and BofA [73,
76-77]. Deleting CtpB delays c* activation by about thirty minutes, suggesting that CtpB
is required for proper timing of ¢* activation. When SpoIVB is unable to cleave
SpoIVFA, CtpB has been shown to be sufficient for * activation after a delay [73, 77].
Following its release from BofA inhibition, Spol VFB cleaves pro-c* into active "
(Figure 5).

While the forespore checkpoint has been well-characterized, recent work suggests

that it is not the only mechanism governing the activity of 6*. Specifically, when bofA is
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deleted, SpoIVEB, and thus 6, can be activated without c°, thereby bypassing the
forespore checkpoint [81,82]. If engulfment-defective mutants fail to activate ™ simply
because they fail to activate o, then deleting bofA should bypass the requirement for °
and thus allow for 6* activation. However, Jiang et al have found that when engulfment
is blocked by the absence of SpolID or SpolIP, a bofA mutation is not sufficient to allow
o~ activation [41]. This suggests that the ability of SpoIVFB to activate ¢~ is coupled
independently to both ¢ activity, via the forespore checkpoint, and the completion of
engulfment, deemed the engulfment checkpoint. The mechanism by which engulfment
effects the activation of SpolVFB is as yet unknown. Indeed, a recent paper has called
into question this finding, claiming that the absence of * activation in these strains is
due to a further decrease in the levels of the o*-processing enzyme, SpoIlVFB, when
compared with Spol VFB levels in a mutant lacking only bofA [88].

My thesis research has been directed at elucidating the mechanisms by which 6*
activity is regulated, with two main focuses. First, I investigated mechanisms by which
Spol VB protease activity is regulated. Second, I investigated the mechanisms by which
SpoIVFB activity is regulated. Understanding the regulation of * by the cell will
provide valuable insight for sporulation and developmental biology in general. This
system is useful for providing knowledge of regulated intramembrane proteolysis that can

be applied to very distantly related organisms and extremely complex systems.

F. Maturation and release of the spore
Activation of late engulfment-dependent gene expression allows many changes to

occur within the forespore. Multiple forms of protection are imparted to it by the mother
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cell. Mature spores are resistant to toxic compounds, heat, desiccation, enzymes, and
radiation [32]. One of the major reasons for such strong defenses is that the forespore’s
DNA is protected from damage by a coating of o/f type small, acid-soluble proteins
(SASPs) [33-36]. SASPs are believed to protect the DNA from ionizing radiation [37] in
addition to providing a source of amino acids upon spore germination [20]. One of the
most important safeguards of the spore is its DNA repair enzymes. Upon exposure to
radiation, DNA bipyrimidine photoproducts, more commonly known as spore
photoproduct, are formed [36,39].

The spore contains multiple mechanisms in order to rapidly repair its DNA upon
germination. Nucleotide excision, homologous recombination under control of recA, and
most importantly, spore photoproduct lyase (SP lyase) are modes by which the spore can
repair UV-induced DNA damage. It has been shown recently that SP lyase seems to have
the greatest impact on removing spore photoproduct upon germination [39]. To further
strengthen its defenses, the forespore takes up calcium and dipicolonic acid (DPA),
synthesized in the mother cell, becoming dehydrated and mineralized. DPA helps protect
the spore from wet heat, dry heat, hydrogen peroxide, and desiccation [40].

A modified cell wall, the spore cortex, is formed outside of the spore’s plasma
membrane [42]. Outside of the cortex, the mother cell forms a protective protein coat
with both inner and outer layers, that will protect the spore from harmful lytic enzymes,
such as lysozyme (Figure 2C) [42,43]. The coat is believed to be a permeability barrier
of sorts, excluding large toxic molecules from accessing the spore, yet allowing small
molecules, such as nutrient molecules, to reach sensors beneath the coat [44]. It is

believed that the spore inner membrane, which separates the spore core from the cortex,
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functions similarly, and is a proton permeability barrier for the spore core [45]. All of
these protective barriers are then surrounded by the final layer, the exosporium [46].
After the spore is imparted with its defensive barriers, the mother cell lyses,
releasing the mature spore (Figure 2D). Mature spores may remain dormant, even in
severe environments, for many years or more [47,48]. Bacillus subtilis spores have even
been isolated from an over 90-year-old dried milk powder found in Antarctica [47].
Although surviving for so many years is an incredible feat in itself, spores still must be
able to germinate upon encountering nutrients and favorable environmental conditions.
Luckily, mechanisms that allow the spore to respond to germinants, lyse its cortex, and to
rehydrate are built into the spore in the final stages of sporulation [49]. When nutrient
germinants bind to receptors in the spore, this causes the release of DPA and calcium,
followed by an influx of water [51]. This triggers the hydrolysis of the spore cortex
peptidoglycan, degradation of the spore coat [52], and outgrowth of the spore [50,51].
There is also evidence suggesting that a combination of high temperature and high
pressure can induce spore germination [38]. Within a few minutes after germination, the
cell begins RNA and protein synthesis [53], and is able to divide completely within two

hours [54].
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Figure 1. The Spo0A phosphorelay

While in exponential growth, AbrB and active GTP-CodY repress stationary phase and

sporulation genes. When one of five histidine kinases (KinA-KinE) receives an
extracellular signal, such as low nutrients or high population density, it
autophosphorylates. The phosphate is transferred to an intermediate, SpoOF, which is

either auto-dephosphorylated by Rap proteins or is allowed to transfer the phosphate on

to a second intermediate, Spo0B. The phosphate is then transferred to Spo0A, and

SpoOA~P represses abrB, a gene encoding a repressor of stationary phase genes. When
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environmental conditions worsen, more phosphates are transferred, and greater levels of

SpoOA~P accumulate. This eventually leads to the activation of genes necessary for
sporulation.
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Figure 2. Sporulation

(A) Sporulation begins with a polar, asymmetric cell division forming a larger mother
cell and smaller forespore. (B) In a phagocytosis-like process, the mother cell engulfs the
forespore and its membranes fuse. (C) Following membrane fusion, the mother cell
forms a protective protein coat around the forespore. (D) After maturation of the
forespore, the mother cell lyses, releasing the mature spore. After this stage, when
growth conditions are once again favorable, the spore can germinate and resume
vegetative growth.
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Figure 3. Engulfment

(A,B) The sporulating cell divides asymmetrically, forming the smaller forespore and
larger mother cell. (B) The chromosome is pumped into the forespore by SpollIE. (C)
SpolID hydrolyzes septal peptidoglycan, pulling along the mother cell membranes.
SpolIM anchors D to the membrane. DMP utilizes SpolIB for septal localization. (D,E)
The mother cell membranes migrate around the forespore. This can be accomplished by
two different mechanisms: the DMP module and the Q-AH module. (F) The membranes
meet and fuse at the cell pole. Fusion requires the SpolllE DNA translocase. Used with
permission from [29].
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Figure 4. Transcription factor activation during sporulation

(A) 6" in the forespore is activated first. (A,B) Genes are activated that allow for ¢~
activation in the mother cell. (C) ¢” and c* are present in their respective compartments,
but remain inactive until after engulfment. (D) o initiates the forespore checkpoint
which leads to 6* activation in the mother cell. Used with permission from [41].
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Figure 5. The forespore checkpoint

After engulfment, 6© leads to upregulation of spolVB causing high levels of SpoIlVB
protein to accumulate. SpolVB is secreted into the intramembrane space (between the
mother cell and forespore) and cleaves Spol VFA. This cleavage relieves the BofA-
mediated inhibition of SpolVFB. SpolVFB then executes regulated intramembrane
proteolysis (RIP) of pro- 6* into active 6, which is released into the mother cell. (It is
believed that after cleavage of FA by SpoIVB, another protease, CtpB, cleaves FA and
BofA). Modified with permission from [26].
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Figure 6. The BofA/SpolVFA/FB Complex

While in a complex localized by Spol VFA, BofA inhibits the zinc metalloprotease,
SpoIVFB. A member of the S2P family, SpolVFB has two conserved, transmembrane
domains. The HExxH motif is conserved throughout zinc metalloproteases. Here,
HELGH and NPDG are active-site domains and are responsible for the regulated
intramembrane proteolysis of 6* by SpoIlVFB. (Not shown: pro- " is also tethered in
the outer forespore membrane).
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Bacillus subtilis sporulatmn requires the forespore membrane
protein SpollQ, which recruits mother cell proteins involved in
late gene expression to the outer forespore membrane. Engulf-
ment activates the late forespore transcription factor o, which
produces high levels of the secreted SpolVB protease that is
required for activation of the late mother cell transcription fac-
tor o, Engulfment also triggers the proteolytic cleavage of
SpollQ, an event that depends on the SpolVB protease but not
on o activity. To determine if SpolVB directly cleaves SpollQ
and to determine if this event participates in the onset of late
gene expression, we purified SpolVB, SpollQ, and SpolVFA
{another SpolVB substrate). SpolVB directly cleaved SpollQ at
the same site in vitro and in vivo and cleaved SpolVFA in at least
three different locations. SpollQQ cleavage depends on mem-
brane fusion, but not on o activity, suggesting that the ability of
SpolVB to cleave substrates is regulated by membrane fusion.
We isolated SpolVB-resistant SpollQ proteins by random
mutagenesis of codons at the cleavage site and demonstrated
that SpollQ processing is dispensable for spore formation and
for activation of late forespore and mother cell gene expression.
Fluorescence recovery after photobleaching analysis demon-
strated that membrane fusion releases SpollQ from an immo-
bile complex, an event that could allow SpolVE to cleave
SpulIQ We propose that this brane fusion-depend

reor tion in the ¢ rather than SpollQ proteolysis

o

itself, is necessary for the onset of late transcription.

gene expression

Endospore formation in Bacillus subtilis and its relatives
depends on engulfment, a phagocytosis-like process that medi-
ates a dramatic rearrangement of the sporangium from two
adjacent daughter cells, to an endospore in which the forespore
lies within the cytoplasm of the larger mother cell (see Fig. 1;
reviewed by Refs. 1 and 2). Engulfment is critical for sporula-
tion, because it allows spore assembly to occur in a protected
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activation of the late forespore :md m )th91 cell transcription
factors o and ¢*, respectively (reviewed by Refs. 1-4). The
endospore-forming bacteria must therefore have some mecha-
nism to sense the completion of engulfment and to couple this
morphological event to the onset of late gene expression.

The forespore transcription factor o* is the first to beu)me
active after engulfment, but it remains unclear how o is held
inactive during engulfment or activated after engulfment. More
is knuwn abuut the regulation of the second late transcription
factor, o, which becomes active in the mother cell (summa-
rized in Flg. 1B and reviewed by Refs. 1-4). The o* factor is
initially synthesized as an inactive pro-protein containing a
hydrophobic leader sequence, which functions as a covalently
attached anti-sigma factor (5). This leader sequence is removed
by the intramembrane protease ‘ipolVFB which cleaves pro-®™
within the membrane to release active o™ (6-8). This process-
ing event shares many characteristics with Regulated Intra-
membrane Proteolysis (RIP),” a widespread signal transduction
mechanism in which extracellular signals are transduced to a
protease that cleaves its substrate within the plane of the mem-
brane to release an active transcription factor (reviewed by
Refs. 9 and 10). As is typical of RIP systems, the intramembrane
protease SpolVFB is inactive until it receives an extracellular
signal. In the case of SpolVFB, the signal is the prior activation
of the late forespore-specific transcription factor o (11), which
produces higher levels of the SpolVB protease (12). This prote-
ase disrupts an inhibitory complex between the SpolVFB
intramembrane protease and two other proteins, SpolVFA,
which is necessary for complex assembly and localization (13),
and BofA, which inhibits SpolVFB activity (Fig. 18) (7, 11, 13).
BofA is likely the main inhibitor of the SpoIVFB intramem-
brane protease, because it can inhibit SpolVFB activity in an
ectopic expression system (7), and because its genetic inac-
tivation allows @® to become active in the absence of o“
activity and in the absence of the SpolVB signal transduction
protease (11). The SpolVB protease cleaves SpolVFA and
relieves BofA-mediated inhibition of SpoIVEB (12, 14-16).
This pathway results in the indirect coupling of o activity to

Tt § | I

*The abbreviations used are: RIP, reg ir ane p sis;
FRAP, fluorescence recovery after ph hing; PBS, phosphate buff-
ered saline; GFP, green fluorescent protein; AMS, 4-acetamido-4'-maleimi-
dylstilbene-2;2"-disulfonic acid; KLH, Keyhole limpet hemocyanin; G5T,
glutathione S-transferase; BSA, bovine serum albumin; I, t,.f, ..., time of
sporulation, with the number indicating hours after the initiation of spor-
ulation by resuspension; FM, forespore membrane; OFM, outer forespore
membrane.
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engulfment, by virtue of its dependence on the prior activa-
tion of o*.

Recent evidence suggests that activation of o™ is also directly
coupled to the completion of engulfment in two distinet man-
ners {17}. First, although the genetic elimination of BofA allows
o™ to become active in the absence of ¢ and SpolVB, it does
not allow ¢* activity in engulfment defective mutants (11, 17).
Thus, the failure of these mutants to activate o is not the only
reason for the failure to activate o™, This suggests that o™ acti-
vation is directly governed by engulfment via a pathway that
does not denend on BofA the Lnown inhibitor of SuolVER

dees not depend on BofA, the known inhibitor of SpelVER
intramembrane protease activity. We therefore previously pro-
posed the existence of two distinct checkpoints for o™ activity
(17): the previously described forespore checkpoint that cou-
ples o® activity to o activity via the BofA inhibitor (11) and the
engulfment checkpoint that couples o activity to the comple-
tion of engulfment via a BofA-independent mechanism (Fig.
1B) (17). Second, engulfment also appears likely to govern the
activity of the SpolVB protease that participates in the fore-
spore checkpoint. This was first suggested by the observation
that SpolVB is synthesized both before engulfment by the
early forespore transcription factor ¢ and after engulfment
by the late forespore transcription factor o (18). Additional
support for the regulation of SpolVB protease activity came
from observations that the forespore membrane protein
SpollQ is subject to a proteolytic processing event that
depends on both engulfment and on the SpolVB protease
(17,19). However, SpollQ processing occurs with apparently
identical kinetics in wild-type strain or in a strain with a
mutation in the gene encoding o (spolllG). Thus, if SpolVB
directly cleaves SpollQQ then its activity or access to sub-
strates must be regulated by engulfment.

SpollQ proteolysis could be involved in engulfment-depend-
ent gene expression, because this forespore membrane protein
plays several key roles in this stage of sporulation. First, SpollQ
is essential for the engulfment-dependent activation of & (20,
21}, although its precise role in this process remains unclear.
Second, SpollQQ participates in engulfment, providing a second-
ary mechanism that is necessary for membrane migration when
the activity of the primary engulfment machinery is compro-
mised (22). This secondary engulfment mechanism requires
the interaction between the extracellular domains of SpollQ
and that of the mother cell membrane protein SpollIAH (Fig.
18) (22, 23). This interaction can readily be detected by several
biochemical methods such as co-immunoprecipitation (23),
affinity chromatography (23, 24), and sucrose density gradient
analysis (Fig. 5). Third, SpollQ is required for the localization of
mother cell membrane proteins needed for both ¢ and o®
activation to the outer forespore membrane that is the site of
intracellular signal transduction (17, 23, 24). Specifically, the
interaction between SpollQ and SpollIAH prevents SpollIAH
from diffusing away from the outer forespore membrane (23,
24), where it is required for o activity. SpollIAH and SpollQ
together are needed to localize the o®-processing machinery,
SpoIVFA and SpolVFB, to the outer forespore membrane,
although it is unclear if SpollQ) or SpolllAH directly interact
with SpolVFA or SpolVFB (17, 24). Interestingly, SpollQ,
SpolllAH, and SpolVFB all localize to foci surrounding the

forespore (Fig. 48) (17, 19, 23). These foci might represent syn-
apse-like sites for intracellular signal transduction, perhaps
allowing transcription in both cells to be coordinately regulated
by engulfment. It remains unclear how the completion of
enguifment is sensed, and if Spoli() serves only as a scaffold to
localize these signal transduction proteins or if it also partici-
pates in signal transduction.

SpollQ proteolysis could affect its interaction with proteins
involved in ¢ and ¢ activation, and therefore provides a
potential mechanism by which late transcription might be cou-

pled to engulfment. To determine if this is the case, and to
determine if SpolVE directly cleaves SpollQ}, we further char-
acterized SpollQ) proteolysis. Specifically, we demonstrated
that purified SpolVB directly cleaves SpollQQ, mapped the sites
at which SpollQ is cleaved in vive and in vitro, and isolated
protease-resistant mutants. These mutants had no effect on ¢
or o activity or spore formation, demonstrating that SpollQ
processing is dispensable for sporulation. SpollQ) proteolysis
requires the membrane fusion event that is the final step of
engulfment. Finally, fluorescence recovery after photobleach-
ing (FRAP) demonstrates that the mobility of SpollQ dramati-
cally increases after membrane fusion (in the absence of prote-
olysis), indicating that SpollQ is released from an essentially
immobile complex after fusion. This reorganization in the
SpollQ complex might control both proteolysis and signal
transduction.

EXPERIMENTAL PROCEDURES

Strain and Plasmid Construction—B. subtilis strains (Table 1)
were constructed by transformation (25). Plasmids (supplemental
Table S1) were constructed by standard cloning methods and site-
directed mutagenesis (26). Following introduction into the B. sub-
tilis chromosome, recombinants were checked for their antibiotic
resistance, the inactivation of amyE, and the loss of any additional
drug resistance markers on the plasmid backbone. Primers used
for plasmid construction are in supplemental Table 52. Plasmid
PCH507 (amyE:P,,,;gfp(A2-6)-spollQQlcat) was constructed
by deleting the five codons that are derived from the spollQ) gene
and redundantly exist at the 5' region of gfp on pAR47
(amyE=P, ,, . gfp-spollQfcat (19)) by site-directed mutagenesis
(26) using a primer, SP1. Plasmids encoding either spollQ, gfp-
spollQ, or gst-spoll(Q derivatives were constructed by site-directed
mutagenesis using either pCH505 (anyLiP,,, ;spollQ), pCH507
(amyE=P, ;o gfp(A2-6)-spollQ),  or  pGEX-SpollQ  (gst-
spollQ**~2%3 (23)) as the template. Primer SP2 was used for
PCHS10 (amyEsP, , .y spollQ-his Qcat). The plasmids encoding
spollQ cleavage site mutants (V72, G73, or K74) were constructed
by using either SP3, SP4, or SP5 (respectively), which had a ran-
dom mixture of bases in the target codon. pCH550 (spollQ' ™)
was also isolated by this random mutagenesis. The DNA sequence
of the resulting products was confirmed prior to transformation
into B. subtilis. Plasmids encoding mono-Cys mutants of spellQ
were constructed by site-directed mutagenesis using the template
plasmid pCH505 (spollQ) and primers either SP10 (pCH528;
A62C), SP11 (pCH530; D64C), SP12 (pCH531; D68C), SP13
(pCH532; V70C), SP14 (pCH533; E71C), SP15 (pCH534; V72C),
SP16 (pCH535; G73C), or SP17 (pCH536; K74C), respectively.
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TABLE 1
B. subtilis strains and plasmids used in this study

Strain Genotype Source
PY79 Wild type (39)
KP575 AspodIOzspe 21
KP701 sspB-lacZilcat:tet This study
KP856 spollTAH-flagleat 123)
KP857 spalllAH-flag{cat, AspollQ:spe (23}
KPos3 AspoliCspe, thrCucotD-lacZtmls a7
KPe012 amyEzspolllE-gfpQeat, AspolliE:spe (33)
KPal11 amyE:spollIET24:i31-gpldeat, AspolliE:spe 33)
AR232 AspoliCrspe, sspB-lacZ{cat:tet This study
XJ220 thrCacotD-lacZ mls This study
X401 AspollIAH, trpC2 This study
X412 spollQ-flagilcat This study
SCB3 AspollQrspe, amyE{dcat This study
SCB4 AspollQ:spe, amyEsP,, o spoliQQcat This study
SCB6 AspollQ:spe, amyE:P,, . 2f(A2-6)-spollQcat This study
SCBY Aspolld:spe, amyE:P,, ., spollQ-his (leat (17}
SCBI1S AspollQspe, spolllGAL spolllG-lacZcatzerm, amyE:P, ., spollQcat This study
SCB18 AspollQ:spe, sspB-lacZQcats:tet, amyE:P, , yospollQcat This study
SCR21 Aspollkspe, thrCucotD-lacZmls, amyExP ,spollflcat This study
SCE43 AspollQespe, amyEsP,, . spolIQAB2Ceat This study
SCB45 AspollQspe, amyEaP,, uspolIQDE4Cheat This study
SCB46 Aspollikspe, amyE:P,, . spolIQDESC eat This study
SCE47 Aspollspe, amyEsP, ., spolIQVIOCQeat This study
SCB48 AspollQspe, amyE=P,, . polIQET I CLdent This study
SCR49 AspollQspe, amyEl , , spolIQV72C Mcat This study
SCRE0 AspollQespe, amyEaP,,,5polIQGF3Ceat This study
SCB51 AspollQspe, amyEsP,, uospollQKT4Ceat This study
SCB62 AspolliFspe, amyE:P,,,spollQV72R dcat This study
SCE63 AspollQespe, amyEsP,, ,spolIQVI2YEeat This study
SCB64 AspollQspe, amyEsP,, uspellQV72NOQcat This study
SCRa5 AspollQspe, amyE:P . ,spollQV728  deat This study
SCE6B Aspollspe, amyEsP,,, ;. spollQVI2Acat This study
SCB&7 AspollQspe, amyEP, . spollQV7 21 kcat This study
SCRe) AspollQspe, amyEsP . spolIQV72H Yeat This study
SCR69 AspollQspe, amyExP, . ospollQVI2KDeat This study
SCB70 AspollQ:spe, amyEsP,, yospollQV72E deat This study
SCB71 AspollQspe, amyE:P,, ., spol IQV72M{ Yeat This study
SCBE72 AspollQespe, amyEP,, . spolIQGT3VEMcat This study
SCB73 AspollQ:spe, amyEsP,, uspollQG7IEQdcat This study
SCB74 AspollQuspe, amyE:P,, . spollQ1-7X)cat This study
SCB75 AspollQspe, amyEsP, ., spollQGT3LDcat This study
SCB76 AspollQ:spe, amyE:P,, . spollQGT3Pcat This study
SCB77 AspollQspe, amyEsP . spolIQG73 T kcat This study
SCB78 AspollQuspe, amyEzP,,,,o5pollQG731cat This study
SCB79 AspollQ:spe, amyEsP,, uospollQG 7350 cat This study
SCR80 Aspollidspe, amyE:P,, ., spollQKT4E Ycat This study
SCE81 AspollQuspe, amyEsP,,, ., spollQK74i0cat This study
SCP83 AspollQspe, amyEsP,, uspelIQK74RDcat This study
SCB84 AspollQspe, amyE:P,, ., spollQK74A lcat This study
SCBES85 AspollQuspe, amyEsP, ., spolIQKT4NQcat This study
SCB&6 AspollQ:spe, amyEs:P,, spolIQK745 deat This study
SCB87 AspollQspe, amyEsl,, ,spolIQK74P Yeat This study
SCRES8 AspollQuspe, amyEzP, . o5pol IQK74D 0 cat This study
SCR89 AspollQ:spe, amyEsP,, uspollQK74Gcat This study
SCR108 AspollQ:spe, sspB-!nr%[lai tutet, amyE:P,, , spollQV72C eat This study
SCB109 AspollQzspc, sspB-lacZQcatztet, amyE=P, , spollQVI2MOcat This study
SCB110 AspollQuspc, sspB-lacZQat:tet, amyEP p yoppollQG73VEkeat This study
SCB111 AspollQ:spe, sspB-lacZ{leatztet, amyE:P,, . spollQG73E lcat This study
SCB114 AspollQspe, thrCucotD-lacZOmis, amyExP, . spollQVI2Ceat This study
SCB115 AspollQspe, thrCcotD-lacZmls, amyEzP,, . spollQV72M deat This study
SCB116 Aspolld:spe, HrCacotD-lacZ{hmls, any sorpollQG73 Vi keat This study
SCBE117 AspollQuspe, thrCucotD-lacZmils, amyE=P_ . spollQV73E deat This study
SCR138 Aspollrspe, ann W,,(gf}:(.\z—ﬁ)-.qmﬁqi’??ﬂlmr This study
SCR139 AspollQ:spe, amyE: (A 2-6)-spollQV72E deat This study
SCRE223 AspoliQ:spe, f.lr:(.::mfjg-!ac?.’!lm{s. anyE:lcat, bafAzcat:tet, spolliG:neo This study
SCB224 AspollQuspe, thrCacotD-lacZ{mls, amyE=P,ospollQ, bofAzcat:tet, spolllGaneo This study
SCB225 AspollQuspe, thrCrcotD-lacZmls, amyE:P, ., spollQV72C0eat, bofAzcat:tet, spolllGineo This study
SCB227 AspollQ:spe, thrCucotD-lacZCmis, amyExP, ., spollQV72Meat, bofAzcat:tet, spolilGineo This study
SCB2128 AspollQ:spe, thrCacotD-lacZQmls, amyE=P, ,spollQG73Vat, bofA:cat:tet, spolllGineo This study
SCE220 AspollQuspe, thrCucotD-lacZ{mls, amyEsP, ., spollQV73E dcat, bofAscat:tet, spolllGineo This study

pCH687 (gst-spol VEA'" -**"_FLAG) was constructed as fol-
lows: spolVFA was amplified from PY79 chromosomal DNA
using primers SP6 and SP7, digested by BamHI, and then
cloned into pDG1662. A FLAG tag was introduced at the C-ter-
minal end of spof VFA by site-directed mutagenesis using SP8. A
BamHI site was further introduced between the 100th and

101st codons by site-directed mutagenesis using primer SP9. A
BamHI fragment encoding the C-terminal extracytoplasmic
region was cloned into the same site of pGEX4T-3 (Amersham
Biosciences).

Sporulation Conditions—Sporulation was induced by resus-
pension at 37 °C (27), with t,, being the hours after the onset of
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sporulation. For small scale sporulations, the cells were resus-
pended in 2 ml of the sporulation media and cultured with
rotating in test tubes (small scale culture for Fig. 34). For larger
scale sporulations, the cells were resuspended in 15 ml (for
other Western biotting, B-galactosidase activity assay, and
microscopy) or 200 ml (for immunopurification of SpollQ-
FLAG derivatives in Fig. 2B) and shaken in flasks. Sporulation
efficiency was determined as described (28). B-Galactosidase
assays were performed as described (29, 30).

Co-inmunoprecipitation and Western Blotting—Sporulating
celis were harvested and washed with SMM buifer (0.5 m
sucrose, 20 mm MgCl,, and 20 mm maleic acid, pH 6.5), resus-
pended in the same buffer and treated with 1 mg/ml lysozyme
at 37 °C for 10 min. The spheroplasts were harvested by centrif-
ugation and resuspended in ice-cold buffer A (20 mm HEPES-
NaOH, 150 mm NaCl, and 1 mm EDTA, pH 7.6) with 1 mm
phenylmethylsulfonyl fluoride, 1 pg/ml leupeptin, and 1 pg/ml
pepstatin and then treated with 0.5% n-dodecyl B-p-maltoside
(Sigma) on ice for 30 min. The insoluble fraction was removed
by ultracentrifugation with a Beckman TLA120-2 rotor
(40,000 rpm, 30 min), and the supernatant was incubated with
anti-FLAG M2 affinity gel (Sigma) overnight at 4 °C with gentle
rolling. The affinity gel was washed twice with buffer A contain-
ing 0.5% n-dodecyl B-p-maltoside, and the bound proteins were
eluted by SDS-loading buffer (without reducing agent) at 42 °C.
Proteins in the cell lysate and in the flow-through containing
unbound protein were precipitated by 5% trichloroacetic acid
for 20 min on ice, washed by acetone, and then solubilized in
SDS loading buffer. Proteins were analyzed by SDS-PAGE or
Western blotting as described previously (17, 23). 1:5,000 dilu-
tions of anti-SpollQ (17), anti-SpollIAH (see below), anti-GFP
(Roche Applied Science), and anti-FLAG M2 antibodies
(Sigma) were used to probe derivatives of SpollQ, GFP-SpollQ,
and SpollIAH-FLAG, respectively.

Sucrose Density Gradient Ultracentrifugation—Sucrose den-
sity gradient ultracentrifugation was performed essentially as
described (31), with the following modifications. Sporulating
cell lysates were prepared by the same procedure as described
above for co-immunoprecipitation, except that buffer B (20 mm
HEPES-NaOH, 300 mm KCl, and 1 mm EDTA, pH 7.6) was used
instead of buffer A. The lysates were loaded on top of 5-ml
sucrose gradient beds (5-20% sucrose, 20 my HEPES-NaOH,
300 mm KCl, and 1 mv EDTA, pH7.6). Proteins were separated
by ultracentrifugation in a Beckman MLS50 rotor (4 °C, 43,000
rpm, 16 h) and collected into 17-18 fractions. Purified proteins
catalase (226 kDa), adolase (146 kDa, Amersham Biosciences),
bovine serum albumin (68 kDa), and lysozyme (14.3 kDa,
Sigma) were used as the protein standards.

AMS Modification of Monocysteine Derivatives of SpollQ—
For AMS treatment, whole cell proteins were solubilized in SD5-
loading buffer, containing 1 mm Tris(2-carboxyethyl) phosphine
instead of 2 mu dithiothreitol. The pH of the SDS-loading buffer
changed by addition of Tris(2-carboxyethyl) phosphine was
adjusted to pH 6.8 by adding the proper volume of 0.5 v Tris-HCl
(pH 6.8). Samples were treated with 2 my AMS (4-acetamido-4'-
maleimidylstilbene-2,2"-disulfonic acid) at 37 °C for 1 h and then
analyzed by Western blotting,

In Vive Proteolysis Assay of SpollQ Derivatives—A whole cell
trichloroacetic acid precipitation was prepared from 1 ml of
culture to which trichloroacetic acid was added (to 5% final
concentration). The cells were collected by centrifugation, and
the peliet was washed with 0.75 mi of i m Tris-HCI {pH 8} and
treated with 1 mg/ml lysozyme in 60 pl of buffer C (33 mum
Tris-HCI, 40% sucrose, 1 mm EDTA, pH 8). Proteins were then
solubilized by SDS-loading buffer with 2 mum dithiothreitol and
analyzed by Western blotting.

Purification of SpolVB, SpollQ, and SpolVFA—BL21(DE3)/
pZR53 (SpolVB-His ) was gros {100 ug/ml)
media, and expression of SpolVB-His, was induced by 1 mum
isopropyl 1-thio-f3-p-galactopyranoside for 1 h at 30 °C, Cells
were washed by buffer D (20 mm Tris-HCI (pH 8.0), 150 mm
NaCl) and disrupted by sonication. After removing debris by
centrifugation, cell lysate was subjected to nickel affinity col-
umn (Sigma) equilibrated in buffer D. The column was washed
with buffer D plus 20 mu imidazole and eluted with 300 mm
imidazole in the same buffer. Eluted protein was then dialyzed
in buffer D, loaded on Hi-Trap Q (Amersham Biosciences)
anion-exchange chromatography column previously equili-
brated in buffer D. Flow-through fractions that include
SpolVB-His, were collected and then loaded onto a Hi-Trap SP
(Amersham Biosciences) cation-exchange chromatography
column previously equilibrated in buffer D. SpolVB-His, was
eluted by a sodium chloride gradient (0-1 u) in buffer D.

GST-SpolVFEA and GST-SpollQ were expressed in BL21
(DE3). Expression was induced by the addition of 1 mu isopro-
pyl 1-thio-B-p-galactopyranoside for 2-3 h at 37 °C. Cells were
washed with phosphate-buffered saline (PBS), suspended in
PBS/1 mm dithiothreitol/1 mm EDTA, and disrupted by soni-
cation. Cell lysate was loaded on a glutathione-Sepharose col-
umn (Amersham Biosciences) previously equilibrated in PBS,
washed with PBS, and eluted with 50 mm Tris-HCI (pH 8.0)
containing 10 mm glutathione. GST-SpolVFA'"'**~.FLAG
was dialyzed by buffer D and further purified by using a
Sephacryl 5-200 column (Amersham Biosciences). All proteins
were dialyzed in buffer D, and concentration was determined
by a Bradford protein assay (Sigma).

In Vitro Protease Assay and Amino Acid Sequence Analysis—
Purified substrates (240 ng/pl) were incubated in buffer D at
37 *C in 0—4 h in the presence or absence of 30 ng/pl purified
SpolVB-His,. The reaction was stopped with SDS-loading
buffer, and the products were analyzed by SDS-PAGE and Coo-
massie staining. Bands were excised from polyvinylidene diflu-
oride membrane and subjected to N-terminal sequencing.

Microscopy and Image Analysis—For GFP visualization, live
cells were stained with 4',6'-diamidino-2-phenylindole (0.2
pg/ml, Molecular Probes) and FM4-64 (5 pg/ml, Molecular
Probes) as described previously (32). Images were collected
with an Applied Precision Spectris microscope with a QLM
laser module (described in Ref. 33). Photobleaching was per-
formed and quantified as described (22), using a 0.02- to 0.05-s
pulse of a 488 nm argon laser at 50% power. Subsequent GFP
images were collected at 30-s intervals for 5 min for GFP-
SpollQ and V72Y or as quickly as possible for smoothly localized
GFP-SpollQV72Y. Exposure times were limited to 1.5-25 s
These experiments were quantified as previously described (22).

if
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RESULTS

Identification of in Vivo Cleavage
Site of SpollQ—Previous results
demonstrated that both N- and
C-terminal proteolytic products of
SpollQ, GFP-5pollQ, and SpollQ-
His,, were soluble, suggesting that
the protein was cleaved on both
sides of the membrane (Fig. 1C)
(17). The ability to completely block
SpollQQ  proteolysis with spolVB
mutations suggested that SpollQ
proteolysis is initiated by the
secreted SpolVB protease, which
releases the extracellular domain
from the membrane, and allows a
subsequent cytoplasmic (or perhaps
intramembrane) proteolysis that
releases the N-terminal GFP tag
into the cytoplasm (Fig. 1C) (17).
There might also be a third proteol-
ysis event near the C terminus of

A,after

FIGURE 1. B subtilis engulfment, SpollQ proteclysis, and «® and «*

the larger

SpollQ (Fig. 1C), based on our anal-

mather cell engulfs the smaller forespore, which is ultimately completely enclosed in the mother cell cyto-
plasm. GFP-5pollQ (dark gray) assembles foci at the septal midpoint and migrates around the forespore with
the engulfing membrane, assembling a helical or hexagonal structure in the forespore (19). After engulfment,

SpollQ is cleaved to release the N-terminal GFP fragment into the forespore cytoplasm (17, 19). The f

transcription factor o and the mother cell transcription factor o® are synthesized during engulfment and
activated after engulfment (reviewed by Ref. 1). B, the interacting proteins SpollQ (Q) and SpolllAH (AH) are
required for activation of o and recruit the BofA-SpolVFA-SpolVFE complex necessary for activation of ¢* to
the outer forespore membrane (OFM) (17, 24). Activation of o® is governed by two checkpoints: the forespore
checkpoint (i) inwhich o® activation allows the production of high levels of SpolVB (11), which cleaves SpolVFA
to relieve SpolVFB from inhibition by BofA, and the engulfment checkpoint (i) in which o activity is coupled to
engulfment by a BofA-independent mechanism (17). SpolVB is also required to process SpollQ (17). C, SpollQ
traverses the forespore membrane (FM), with a cytoplasmic N terminus that is the site of the GFP fusion. The
extracellular C-terminal domain was used as the antigen for polyclonal antibodies (anti-IQ) (17) while His, and
FLAG tags were fused to the extreme C terminus. Three proteolysis events are indicated by roman numerals
(I-1if). The first initiating proteolysis event (/) requires SpolVB serine protease (lightning bolt), and allows a
subsequent cleavage within the membrane orin the cytoplasm (If). There might also be a third cleavage event
(17} near the C terminus of the protein that releases the His, and FLAG tags. D and £, models for the role of
SpollQ in engulfment-dependent gene expression. D, the "pre-proteolytic activation model,” in which full-
length SpollQ is required for ® and o activity; E, “post-proteolytic activation model,” in which SpollQ prote-

ysis of SpollQ-His,. This protein
shows two proteolytic products
(Fig. 24) in immunoblot experi-
ments with anti-SpollQ antibodies,
one slightly larger than that of
native SpollQQ (which reacts with
His,-specific antibodies) and one
identical in size to that of native
SpollQ (and that does not react with
His,-specific antibodies).

To further characterize the
SpolVB-dependent proteolysis event
that appears to initiate SpollQ deg-

olysis mediates intracellular signal transduction.

Briefly, the images were corrected for photobleaching during
image collection, and the fluorescence intensity of the bleached
and unbleached regions were quantified throughout the exper-
iment, and corrected for bleaching during image acquisition.
The small size of the forespore results in a small and variably
sized pool of unbleached GFP-SpollQQ from which recovery can
occur. We therefore calculated the theoretical equilibration
point between the bleached and unbleached regions, which is
represented as a dashed line.

Immunofliworescence and Preparation of Anti-SpolllAH
Antibody—Anti-SpollIAH polyclonal antiserum was made by
injection of the KLH-conjugated chemically synthesized anti-
gen peptide, COLFTTYRLDLEDARSKEREE, into rabbits (sub-
contracted to Sigma Genosys). This peptide was chosen for its
hydrophilicity and corresponds to amino acids 104-123 of
SpolllAH plus an N-terminal Cys for conjugation to KLH.
Immunofluorescence microscopy was performed as described
(34).

radation we used two independent

methods to identify the site at which

SpollQ) was cleaved in intact cells.
First, we immunoprecipitated SpollQ-FLAG from whole cell
lysates and extracted a band of ~25 kDa that appeared only
when SpollQ-FLAG was expressed (Fig. 2B, lane 2). The major
signal from the amino acid sequencing analysis was GKSMEN
(corresponding to amino acids 73-78 of SpollQ), suggesting
that extracellular cleavage occurs between Val-72 and Gly-73.
Second, we constructed a series of SpollQ derivatives with indi-
vidual cysteines introduced between codons 62 and 74 and used
AMS modification (35) to determine if the cysteine residue was
present in the C-terminal degradation product, which con-
firmed that in intact cells proteolysis occurred between Val-72
and Gly-73 (supplemental Fig. S1).

Purified Spol VB Cleaves SpollQ—To determine if SpolVB (a
serine protease) directly cleaves SpollQ), we tested if purified
SpolVB cleaved purified GST-SpollQ) in vitro, using GST-
SpolVFA (a known SpolVB substrate), GST and a- and B-
casein as control proteins. SpolVE was able to cleave GST-
SpollQ and GST-SpolVFA with similar kinetics (Fig. 2C),
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FIGURE 2. Identification of SpolVB cleavage sites in SpollQ and SpolVFA. A, in vivo proteolysis of SpollQ
{PY79) and SpollQ-His, (SCE9) analyzed by Western blot using anti-5pollQ polyclonal antiserum at various
times of sporulation. Full{ength SpollQ (#Q-FL) migrates at —37 kDa, the C-terminal product {C-term) at —26
kDa. B, SpollQ-FLAG (lane 2, XJ412) and the negative control strain PY79 (lane 1) were immunoprecipitated with
anti-FLAG antibodies, and visualized by Coomassie staining. The bands indicated by C-term in lane 2 and lane
Twere extracted and subject to N-terminal amino acid sequencing. C, in vitro proteclysis of G5T-SpollQ, various
mutant derivatives, and G5T-5polVFA ' ~**-FLAG by purified SpolVB-His,. Purified GST-Spoll***** and G5T-
SpolVFA were incubated at 37 °C for 4 h in the presence or absence of purified SpolVB-His, and visualized by
Coomassie staining. IQ1 and FA1-3 are C-terminal cleavage products of SpollQ and SpolVFA, respectively.
G1-3 are fragments containing GST released from the N terminus. D, cleavage sites are indicated by arrow-
heads. Gray arrowhead 2 indicates the estimated position of the second C-terminal cleavage in SpollQ; gray
arrowhead 4 indicates cleavage at FA4 (15). £, amino acid alignment of SpolVB-dependent cleavage sites in
SpollQ, SpolVFA, SpolVB (22), and a- and B-casein. Arrowhead indicates position of cleavage. The numbers of
amino acids before the cleavage site are in parentheses.

(72)
(104)
(118)
(154)
(146)
(15)
(15)
(52)

GST-11Q
12 3

after either alanine (in the case
of SpolVFA, caseins, and one site in
SpolVB) or valine (in the case of
SpollQ and two sites in SpolVB},
with little other primary sequence
similarity in the surrounding region.
A similar analysis by another group
also identified these three sites in
SpolVFA (15). Using mass spec-
trometry  analysis, they also

ahoamrad classaon ab aem PVEOE maarif
TISETVER CIEAVAEE GL 8 o v s o

within SpolVFA that is identical to
the site of proteolysis in SpollQ
(15). Cleavage at this site depended
on cleavage at the most C-terminal
cleavage site. This explains why our
N-terminal sequencing analysis
failed to detect cleavage at EVGK,
because we sequenced only the
larger C-terminal products, which
will have the same N terminus with
or without cleavage at EVGK. The

8-amino acid internal product of

cleavage at these sites is too small to
be detected by SDS-PAGE.
Isolation of Cleavage-defective
SpollQ Proteins—The above results
demonstrate that SpollQ is directly
cleaved by the SpolVB serine prote-
ase that is essential for o* activa-
tion. To determine if SpollQ prote-
olysis was essential for sporulation,
we used site-directed mutagenesis
to randomize codons 72, 73, and 74
of wild-type spollQ ("Experimental
Procedures”), isolating 26 different
amino acid substitutions at these
sites. The mutations were intro-
duced into B. subtilis and screened
for defects in SpollQ proteolysis
using small scale sporulations (in
test tubes) and anti-SpollQ West-
ern blots from extracts prepared 5 h
after the initiation of sporulation (¢,
Fig. 34). Under these conditions,
sporulation is slowed, likely due to
decreased aeration, but wild-type

whereas GST was stable during the incubation (data not
shown). The degradation products of GST-SpollQ and GST-
SpolVFA were excised and subjected to N-terminal amino acid
sequencing, GST-SpollQ was cleaved once to yield a GST-con-
taining product (G1) and a product with an N-terminal
sequence starting at Gly-73 of SpollQ (11Q1). Thus, purified
SpolVB cleaves SpollQ between Val-72 and Gly-73, the same
position at which SpollQ is cut in intact cells. SpolVB cleaved
GST-SpoIVFA and itself in three locations (Fig. 2E} (36). A
comparison of the SpolVB cleavage sites of these three proteins
and «- and B-casein demonstrated that in each case SpolVB cut

SpollQ was cleaved by t; (Fig. 34, lanes I and 28). Of the 29
mutants tested (including three Cys substitutions, supplemen-
tal Fig. 51), 14 were cleavage-defective, and 15 were permissive.
Atamino acid 72 only V72A and V72C allowed proteolysis (Fig.
34, lanes 2-11, supplemental Fig. S1), demonstrating that
Val-72 plays a crucial role in substrate recognition. In contrast,
many substitutions at amino acids 73 and 74 allowed proteoly-
sis (Fig. 34, lanes 12-27), although introduction of negatively
charged amino acids (Glu or Asp) or proline inhibited proteol-
ysis. Alignment of the N-terminal regions of SpollQ from var-
ious Bacillus species (Fig. 3C) demonstrated that each had
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sporulation. In contrast the permis-
sive mutants showed normal or
slightly slower (V72C) degradation
(Fig. 3B), accumulating a stable
C-terminai breakdown product. To
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expected, V72M was resistant to
SpolVB cleavage at the usual cleav-
age site, although it generated a
larger proteolysis product  that
might correspond to cleavage at a
more C-terminal SpolVB cleavage
(G2 in Fig. 2C). We could find no
evidence that SpolVB cleaved
V72M at this site in vivo, because no
intermediate size product was
observed in whole cell extracts (Fig.
3B). Interestingly, V72A, which is
permissive for proteolysis in intact

V72E

| cotD-lacZ
ol DOfA, 11QIIG

cells, was degraded in vitro more
F slowly than wild-type SpollQ
(Fig. 2C).

Effects of SpollQ Cleavage Mu-
tants on o and o Activity—Both
Spc[lQ proteolysis and activation of
a“ and ¢ depend on engulfment,
raising the possibility that SpollQ

01234567 01234567 012345867
FIGURE 3. Protease sensitivity and «° and «* activity of SpollQ c| it A, is in
small-scale cultures. Sporulation was induced by resuspensionin a 2-ml culture in test tubes, and sampleswere
prepared after 5 h at 37 “C for Western blot analysis with anti-SpollQ. Amino acids introduced at Val-72 (lanes
2-11), Gly-73 (lanes 12-18), and Lys-74 (lanes 19-27) are indicated. B, time course of proteolysis in large scale
cultures. IQ-FL and C-term indicate full-length SpollQ and C-terminal cleavage products. C, alignment of
predicted cleavage sites of SpollQ from various Baciflus sp. The arrowhead indicates cleavage site of 8. subtilis
SpollQ. D-F, affect of various spaliQ mutations on o and o® activity. All strains contained the lacZ fusion
indicated in each panel, and the spollQ mutation indicated by the following symbols (circles, spollQ; squares,
AspollQ; triangles, wt; inverted triangles, V72C; solid diamonds, V72M; open diamonds, G73V: solid circles, G73E).
In addition, all strains with a spollQ derivative at amyE also contained a spollQ null mutation. 0, to assay a°
activity, strains KP701, AR232, SCB18, 5CB108, SCB109, SCB110, and SCB111 were used. £, for o activity, XJ220,
KP953,5CB21,5CB114,5CB115,5CB116, and SCB117 were used. F, the cleavage site mutants also supported o®
activity in strains lacking spolllG and bofA. Strains contained the indicated spollQ mutations plus bofA and

proteolysis might mediate extracel-
lular signal transduction via an RIP-
like mechanism (post-proteolytic
model in Fig. 1E). However, full-
length SpollQ also acts during
engulfment to recruit mother cell
membrane proteins required for o*
and o activation to the septum (17,
23, 24), raising the possibility that an
event that occurs before proteolysis

spolliG (SCB223, SCB224, 5CB225, SCB227, SCB228, and SCB229).

valine at the predicted SpolVB cleavage site and permissive
substitutions at positions corresponding to Gly-73 and Lys-74
of B. subtilis SpollQ (aside from Geobacter and Oceanobacillus
iheyensis, which had a non-permissive substitution at position
74). Thus, valine appears to be conserved at the cleavage site of
SpollQ) proteins that are sufficiently closely related to allow a
reliable alignment of their N-terminal domain.

We more precisely followed degradation of three cleavage-
defective mutants and two permissive mutants using larger
scale sporulations (Fig. 3B). Each of the cleavage-defective
mutants showed very slow and inefficient degradation, with
little accumulation of the C-terminal product and no notable
decrease in the levels of full-length SpollQ even after 5 h of

might mediate signal transduction
(pre-proteolytic model in Fig, 1D).
To distinguish between these models, we compared the levels
of ¢ and o® activity (using sspB-lacZ and cotD-lacZ, respec-
tively) in strains carrying mutations that block (V72M and
G73E) or allow (V72C and G73V) SpollQ proteolysis. These
mutants showed o and ¢® activities nearly identical to wild
type (Fig. 3, D and E). Thus, the proteolysis-defective mutants
have no effect on 0 or " activity, suggesting that SpollQ
proteolysis is not essential for engulfment-dependent gene
expression, in keeping with the pre-proteolytic model.

The activation of ¢® is governed by two checkpoints, the
prior activation of o“ (the forespore checkpoint) (11) and a
separate checkpoint governed by the completion of engulfment
(the engulfment checkpoint). The forespore checkpoint can be
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TABLE 2
Sporulation efficiency of spollQ mutants
Strain Genotype Cleavage Spore titer
PY79 spolfQ)* + 2.7 % 10°
SCB3 AspolICh:spe " 0
SCB4 Aspoll 25 % 10°
SCBE 3[! Aspoll(:s 26 % 107
AspoliGspe, 20 % 10"
Aspoll(rspe, + 1.7 X 10"
Aspolly:spe, 20 % 10°
AspoliFzspe, ani; 1.8 % 10°
AspollCEspe, amyE: = 1.9 % 10"

A C

123456789101112131415

123461234512345
wt vray V72E

GFP-SpollQ

Qverla

B

relative fluorescence intensi

V72Y

FIGURE 4. Altered prot , localization, and d ics of cleavage-defective GFP-SpollQ. A, proteal-
ysis of GFP-SpollQ (SCBG] \.I'?2Y [5(_8‘1 38) and V72E (SCB139), analyzed by Western blots with anti-GFP. "GFP-Q"
and "GFP” indicate full-length and N-terminal GFP degradation product of GFP-5pollQ. B, localization of GFP-
SpollQ (wr) and GFP-5pollQ (V72Y) 4 h after the initiation of sporulation (r,). Membranes were stained with
FM4-64 (red). Arrowheads indicate septal localization of GFP-SpollQ (green); double arrows, GFP-5pollQ migrat-
ing with mother cell membrane; double arrowheads, helical structure. Membrane fusion (indicated by exclu-
sion of FM4-64 from the forespore membranes, arrow and double arrowhead) occurs before proteolysis, which
releases GFP into the cytoplasm (arrow). After fusion, V72Y remains membrane-bound but localizes smoothly
around the forespore (arrow). C, FRAP analysis of GFP-SpollQV72Y at t; performed and quantified as described
under “Experimental Procedures.” Images of GFP (green) and FM4-64 (red)-stained membranes of cells before
bleaching are to the right of each graph. Images below each plot show the GFP fluorescence during the
experiment; the second panel shows the cell just after bleaching. Recovery kinetics were quantified and plotted
to show the mean pixel intensity of the bleached (filled square) and unbleached (empty circle) regions and the
theoretical pixel intensity value following equilibration between these regions (dashed line). Wild-type GFP-
SpollQ shows very little recovery (see supplemental Fig. 52 and Ref. 22).

bypassed by a bofA mutation, which allows o® activity in the

mutations supported o activation
in these assays, with a slight reduc-
¢ seen in both classes
of mutations at late times (Fig. 3F).
Thus, SpolVB-mediated proteol-
ysis of SpollQ is dispensable for
both ¢ and o® activity, as well as
for the production of heat-resistant
spores (Table 2). These results sug-
gest that either SpollQQ proteolysisis
normally dispensable for sporula-
tion or that L'}'l(!i)l;ls!'ﬂit‘ pr{:te(:[ysis
does not depend on SpolVB-medi-
ated extracellular proteolysis
Cytoplasmic Cleavage of SpollQ
Depends on Extracytoplasmic Cleav-
age—The absence of smaller break-
down products in SpollQ pro-
teins resistant to SpolVB-mediated
extracellular proteolysis (Fig. 3) and
in the absence of SpolVB (17) sug-
gests that, in intact cells, cytoplas-
mic ])r:.‘-leniyki-; occurs after extra-
cellular proteolysis. To further test
this hypothesis, we introduced the
cleavage-resistant mutations V72Y
and V72E into GFP-SpollQ and
tested whether the cytoplasmic
cleavage occurred to release the
N-terminal GFP tag into the cyto-
plasm. Western blot analysis dem-
onstrated that GFP-SpollQ was
partially stabilized by these muta-
tions, with a decreased amount of
the N-terminal GFP-containing
breakdown product relative to wild
type at ¢, (Fig. 44). Prior studies
demonstrated that GFP-
SpollQQ is more permissive for pro-
teolysis than native SpollQ. Unlike

have

absence of o (37), but the hofd mutation does not bypass
either engulfment or the requirement for SpollQ and SpolllAH
for ™ activity (17). We tested whether cleavage-defective
SpollQ supported o™ activation in a bofA mutant lacking o, by
introducing the cleavage-defective or -permissive mutants into
acell that has null mutations in spollIG (encoding o'}, bof4 and
spollQ. Again, both cleavage-defective and cleavage-permissive

the wild-type protein, GFP-SpollQ is not completely stabilized
by the absence of either SpolVB or SpollIAH (17). This prote-
olysis might occur during sample preparation, because fluores-
cence microscopy demonstrated that, similar to GFP-SpollQin
the spol VB and spolllA H mutants (17), the proteolysis-resistant
mutant V72Y remained membrane-bound after engulfment,
with little eytoplasmic GFP fluorescence (Fig. 48). Together
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with the ability of mutations at the site of extracellular cleavage
to completely stabilize native SpollQ (with no slightly smaller
breakdown products, Fig. 3), these results suggest that cytoplas-
mic cleavage of SpollQ normally depends on its extracellular
cleavage by SpolVB (Fig. iC).

This mechanism of SpollQ proteolysis shows similarity to
that of RIP, in which degradation of a signal transduction pro-
tein is typically initiated by an extracellular cleavage that allows
a second intracellular or intramembrane cleavage by a second
pl‘utease However, despite the observation that SpollQ prote-
olysis is governed by the same morphological checkpoint
{engulfment) and protease (SpolVB) as late mother cell gene
expression, we found no evidence that it participates in intra-
cellular signal transduction.

Release of SpollQ from an Immobile Complex after En-
gulfment—We reasoned that the completion of engulfment
might mediate a rearrangement in the complex between
SpollQ and its mother cell ligand SpollIAH or its unidentified
tether (19, 23) and that this rearrangement might allow both
SpollQ proteolysis and signal transduction. If this is the case,
then SpollQ might show different diffusion kinetics before and
after the membrane fusion event that is the final step of engulf-
ment. Indeed, a FRAP analysis of the diffusion kinetics of wild-
type GFP-SpollQ during and after engulfment demonstrated
that SpollQ is relatively immobile during engulfment with
somewhat increased mobility after engulfment (22). However,
wild-type SpollQ is degraded after engulfment, so this could
reflect loss of the extracellular domain rather than release from
a complex. We therefore performed a FRAP analysis of the
protease-resistant mutant V72Y. During engulfment, V72Y
showed the same restricted mobility as wild-type SpollQ (sup-
plemental Fig. S2) (22), with equilibration between the
bleached and unbleached regions requiring at least 200 s (sup-
plemental Fig. S2) (22). After engulfment, V72Y showed both
the punctate localization seen in wild type before proteolysis,
and a smooth localization pattern not observed in wild type
(Fig. 4B), unless it is expressed in the absence of SpolVB (17).
These two patterns each had distinct FRAP results (Fig. 4C):
sporangia with punctate localization showed low mobility
(equilibration times or £, = 240 s), whereas those with smooth
localization showed a high mobility (¢, = 10 s) similar that of
forespore-expressed MalF™!'"%-GFP {1, = 6 s) (22). We
obtained essentially the same results with another cleavage-
defective SpollQ protein (V72E), and wild-type SpollQ in the
proteolysis-defective spolVB strain (supplemental Fig. 52).

Thus after membrane fusion, protease-resistant SpollQQ is
released from a punctate or helical structure in which it is
essentially immobile, attaining a rapid diffusion rate similarto a
non-localized protein. This event could allow both RIP and
intracellular signal transduction necessary for engulfment-de-
pendent gene expression in the forespore and the mother cell.

Reduced Interaction between the Extracellular Proteolysis
Product of SpollQ and SpollIAH—We were interested in deter-
mining if the proteolytic products of SpollQ interacted with its
mother cell ligand SpollIAH. We therefore used non-denatur-
ing sucrose density gradient analysis (31) to compare the appar-
ent molecular weight of full-length SpollQ, its C-terminal deg-
radation product, and SpolllAH. Full-length SpollQ and
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FIGURE 5. The C-terminal fragment of SpollQ shows reduced interaction
with SpolllAH. A and B, sucrose density gradient analysis to assess the appar-
ent molecular masses of proteins in whole cell lysates from t, (4) and t, . (B).
Fractions were collected from the bottom (fane 1) to the top (lane 17) of the
gradient. SpolllAH-FLAG {AH-flag) and full-length SpellQ (IQ-FL) and the
C-terminal cleavage product (C-term) were visualized by Western blot with
anti-FLAG or anti-SpollQ antibodies, respectively. Arrowheads indicate posi-
tions of proteins used as size standards. A, at early times of sporulation (t,),
full-length SpollQ and SpolllAH-FLAG are present in the same fractions (— 100
kDa). In the absence of one, the other migrates at a lower apparent molecular
mass (40 kDa). B, at later times (t, 5}, full-length SpollQ migrates at —100
kDa, whereas the C-terminal proteolytic product migrates at a lower apparent
molecular mass. C, co-immunoprecipitation of 5pollQ with SpolllAH-FLAG.
Whole cell lysates from strains PY79 (spolllAH; lanes 1-3) and KP856 (spolllAH-
flag; lanes 4 -6) were immunoprecipitated with anti-FLAG M2 antibody. W, B,
and U indicate whole cell lysate, bound, and unbound protein fractions,
respectively.

SpollIAH were present in the same fractions (Fig. 54), with
apparent molecular masses of —100 kDa, significantly higher
than their predicted molecular masses of 31 kDa and 24 kDa,
respectively. The high molecular weight was likely a conse-
quence of the interaction between SpollQ and SpolllAH,
because both proteins had a reduced apparent molecular mass
in strains lacking the other protein (—40 kDa). The level of
SpollIAH was reduced in the absence of SpollQ (Fig. 54, sup-
plemental Fig. S3D), suggesting that SpollQ protects SpollIAH
from proteolysis.

Samples harvested after SpollQ proteolysis commenced
demonstrated that, although the differences in molecular mass
between full-length SpollQ and its C-terminal product is only
~8 kDa (31 kDa versus 23 kDa), these two proteins showed
strikingly different apparent sizes, with full-length SpollQ
behaving as a —100 kDa protein, and the C-terminal product as
a ~30 kDa protein (Fig. 58). This suggests a reduced interac-
tion between the C-terminal fragment of SpollQ and
SpolllAH. We confirmed this hypothesis by immunopre-
cipitating Spol[TAH-FLAG and probing the eluate with anti-
SpollQ antibody. While full-length SpollQ was efficiently
co-precipitated with SpolllAH-FLAG, the C-terminal frag-
ment of SpollQ was not precipitated (Fig. 5C). Together
these results indicate that if there is any interaction between the
C-terminal degradation product of SpollQ and SpollIAH, the
affinity is too low to be detected by either sucrose density gra-
dient analysis or co-immunoprecipitation.

SpolVB-mediated SpollQ proteolysis occurs after V72, leav-
ing the N-terminal transmembrane segment and almost 30
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amino acids outside the cell that might interact with SpollIAH.
In an attempt to determine if this region interacted with
SpolllAH, we expressed the N-terminal f[ragment of
SpollQ'"* and used immunofluorescence and Western blot-
ting to determine if it was able to recruit SpoiliAH to the spor-
ulation septum and protect it from proteolysis. SpollIAH local-
ization and stability was reduced in the SpollQ'~"” strain. This
might be due to the rapid degradation of the N-terminal frag-
ment, because GFP fusions to the first 60 or 72 amino acids of
SpollQ were quickly degraded to soluble GFP (data not shown),
as is the N-terminal cleavage product of full-length GFP-
SpollQ (which fails to accumulate). This suggests that the
N-terminal product of SpolVB cleavage is too unstable to sus-
tain an interaction with SpolllAH. Thus, SpollQ appears to
make a high affinity interaction with SpollIAH only before pro-
teolysis, raising the possibility that premature degradation of
SpollQ) might compromise its ability to recruit SpolllAH and
other proteins to the sporulation septum.

A, A, +

A 12345678810

"I‘;:':dSIéSAS[hmrs]
L — ]
+ - fusion
U*U U*U
Proteolysis before fusion Proteolysis after fusion
FIGURE 6. SpollQ p lysis d ds on Ify b fusion.

A, SpollQ proteolysis assessed by Western blot analysis of strains KP6012 (gfp-
spolllE”; lanes 1-5) and the membrane fusion-defective KP6111 (gfp-
spollfE121; lanes 6-10). B and C, schematics depicting the potential impor-

SpollQ Proteolysis Occurs in a Membrane Fusion-dey
Manner—Although SpolVB is synthesized during engulfment
(18), three lines of evidence indicate that SpolVB-mediated
proteolysis of SpollQ occurs only after engulfment. First, cell
biological studies of GFP-SpollQ degradation demonstrate that
the N-terminal GFP moiety is released from the membrane
only in sporangia that have completed membrane fusion, dem-
onstrating that cytoplasmic proteolysis occurs only after fusion
(19). Second, Western blot analysis of native SpollQ (with anti-
SpollQ antiserum) demonstrates that low levels of SpollQ pro-
teolysis is first observed at 2.5 h of sporulation (Fig. 5C), con-
sistent with observations that membrane fusion is first
completed in a few sporangia just before 2 h of sporulation
(at 105 min (32)). Finally, proteolysis of native SpolIQ does not
occur in spellD or spollP mutants, which block engulfment
prior to the onset of membrane migration (17).

We were interested in determining if SpollQ proteolysis was
regulated by membrane migration or by the membrane fusion
event that is the final step of engulfment. To address this ques-
tion, we made use of a spolll[E mutant that completes mem-
brane migration but not membrane fusion (and which translo-
cates DNA (33)). The membrane fusion-defective mutant
abolished degradation of native SpollQ (Fig. 68) and accumu-
lated full-length SpollQ. These results indicate that SpolVB-
mediated degradation of SpollQ depends on the final step of
engulfment, membrane fusion, in keeping with prior cell bio-
logical studies.

DISCUSSION

Our results demonstrate that SpollQ is directly cleaved by
the SpolVB protease that is also required for activation of the
late mother cell transcription factor o®. Interestingly, both o®
activation and SpollQ proteolysis depend on the phagocytosis-
like process of engulfment (17, 38). We here provide evidence
that SpollQ proteolysis more specifically depends on the final
step of engulfment, membrane fusion, which releases the fore-
spore into the mother cell cytoplasm. Although SpollQQ prote-
olysis is not essential for sporulation, it in some ways provides a
better model for SpolVB-mediated proteolysis than the other
identified SpolVB substrate, SpolVFA. Specifically, unlike

tance of coupling SpollQ p lysis to membrane fusion. 8, if SpellQ
proteolysis occurs before fusion, mother cell proteins that interact with
SpollQ (such as SpolllAH) would be released from the septum and therefore
be distributed throughout the mother cell membrane. C, if SpollQ proteolysis
occurs after fusion, binding proteins cannot escape from the outer forespore
membrane. Coupling SpollQ proteolysis to membrane fusion might there-
fore be necessary for the efficient localization of mother cell membrane pro-
teins to the outer forespore membrane.

SpolVFA, SpollQ proteolysis releases stable proteolysis prod-
ucts that can readily be detected by both immunoblot analysis
and cell biological methods. SpollQ thereby provides a tracta-
ble system to investigate the mechanism by which SpolVB
activity is governed by the morphological checkpoint of
engulfment.

The Checkpoint for SpollQ Proteolysis Might Retain the
Active Signal Transduction Complex at the Septum—It remains
unclear why SpollQ is subject to engulfment-dependent prote-
olysis, because we have failed to identify any phenotypic conse-
quence of blocking SpollQ proteolysis. However, our results
allow us to propose a reason for why it is important to delay
SpollQ proteolysis until after the completion of membrane
fusion. The interaction between SpollQQ and SpolllAH is
required to retain SpolllAH and SpolVFB in the outer fore-
spore membrane (17, 23, 24), where they are involved in intra-
cellular signal transduction cascades that result in activation of
late forespore and mother cell transcription factors. We have
been unable to detect an interaction between the SpollQ pro-
teolysis products and SpollIAH in living cells. Thus, if SpollQ
were degraded prior to membrane fusion the decreased affinity
of the interaction between SpollQ and SpollIAH might result
in the release of SpolllAH and SpolVFB from the outer fore-
spore membrane (Fig. 6B), thereby compromising intracellular
signal transduction. Thus, using membrane fusion as a check-
point for SpollQ proteolysis might serve to maintain the inter-
action between SpollQ and SpolllAH and SpolVFB until after
engulfment, ensuring that proteins required for o and o® acti-
vation localize exclusively to the outer forespore membrane
where cell-to-cell communication occurs (Fig. 6C).

A Membrane Fusion-dependent Reorganization in the
SpollQ-SpollTAH Complex—Our studies also suggest a mem-
brane fusion-dependent rearrangement in the complex be-
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tween SpollQ, SpollIAH, and other proteins involved in late
forespore and mother cell gene expression. Specifically, our
FRAP studies demonstrate that, although SpollQ is essentially
immobile during engulfment (22}, after membrane fusion it dif-
fuses through the forespore membrane at rates nearly identical
toanon-localized MalF-GFP protein (Fig. 4). This result is most
easily interpreted as reflecting a remodeling of the interaction
between SpollQQ and its binding partner, SpollIAH (or another
unidentified SpollQ-interacting protein), an event that could
easily initiate intracellular signal transduction. It is therefore
tempting to speculate that remodeling of the SpollQ complex
provides a signal both for o and o activation and for SpollQ
proteolysis, because this would explain both the coordinate reg-
ulation of these events by membrane fusion and the dispensable
nature of SpollQ proteolysis.
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SpolVFB regulation during Bacillus subtilis sporulation:

Evidence for a morphological checkpoint governing protease activity
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A. Abstract

Sporulation of Bacillus subtilis is first characterized by an asymmetric cell
division, a process that forms a larger compartment, the mother cell, and a smaller cell,
the forespore, which becomes the spore. The SpolVFB protease is required to activate
the mother cell transcription factor, 6*, allowing the formation of the protective spore
coat. The forespore transcription factor, 6%, leads to the activation of SpolVFB. Via this
pathway, deemed the forespore checkpoint, a protease is produced that cleaves Spol VFA,
thus relieving inhibition of SpolVFB by BofA. Here, it will be shown that a second
checkpoint, the engulfment checkpoint, also controls ¢* activity via SpolVFB. Mutants
in SpolVF have been characterized that can bypass either the forespore checkpoint, or the
engulfment checkpoint. A mutant in SpolVFA, S80L, allows for ¢* activation in the
absence of the forespore checkpoint. A spolVFB mutant, S260G, allows SpoI VFB to
bypass the engulfment checkpoint in the absence of BofA. It is believed that the
forespore and engulfment checkpoints are separate pathways, since no mutants have yet
been found that can bypass both checkpoints. Moreover, it will be shown that 6*

activation is independent of SpolVFB protein levels.
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B. Introduction

Sporulation in Bacillus subtilis is an informative model for many aspects of
developmental biology. It offers knowledge of cell development and differentiation in a
small scale, two-cell system, which can be applied when studying more complex
mechanisms. Issues of intercellular communication, morphogenesis, and regulation of
gene expression can be addressed utilizing the model of spore formation. When exposed
to adverse conditions such as nutrient starvation, the cell eventually commits to an
extreme developmental pathway to ensure its survival. The cell first switches from
medial to polar, asymmetric cell division [1-4] forming a sporangium consisting of a
smaller and larger compartment (Figure 1A, 1B). The septum between the larger mother
cell and smaller forespore is degraded by a peptidoglycan hydrolase (Figure 1C) and the
mother cell membranes migrate around those of the forespore (Figure 1D, 1E) [5,6]. The
mother cell membranes fuse with the help of SpollIE, releasing the forespore into the
mother cell cytoplasm (Figure 1F) [6-8]. The mother cell forms a protective protein coat
around the forespore and then lyses, releasing a mature spore with resistances to heat,
desiccation, chemicals, and UV radiation [9-12].

A sequence of cell-specific transcription factors are temporally and spatially
regulated to coordinate gene expression and morphogenesis in both the mother cell and
forespore [13-16]. The " factor is activated in the forespore, followed by c" in the
mother cell, following polar cell division. The " transcription factor is activated first in
the forespore [17]. It activates genes that allow for the activation of " in the mother cell
(Figure 2A) [18]. The ¢" factor upregulates the gene for forespore transcription factor,

6 [18], which is held inactive until after engulfment (Figure 2C) [20]. Small amounts of



45

the intramembrane protease SpoIVB are also produced under control of 6" before
engulfment [19]. Once engulfment is completed, © is activated, and high levels of
SpolVB are accumulated, thus beginning the forespore checkpoint for the activation of

o~ (Figure 2D).

i. ¢* activation via the forespore checkpoint

SpoIVFB cleaves pro- ¢* into active 6™. It is unable to perform this task until
after it is activated by a pathway that begins with 6% activation. This activation pathway
is known as the forespore checkpoint. SpolVFB is held in a complex with SpolVFA and
BofA. This interaction seems to be mediated by FA [21]. BofA inhibits SpolVFB and
this inhibition is relieved by cleavage of SpolVFA [22,23]. High levels of the serine
protease, SpolVB, are produced following engulfment due to upregulation by ¢ (Figure
3) [19]. SpolVB is secreted into the intramembrane space where it then cleaves SpollQ
and SpolVFA [24-26]. Another protease, CtpB, thought to be produced by both cells, is
found in the intramembrane space and is believed to cleave both FA and BofA (Figure 4)
[23-25]. Once its inhibition is relieved, SpolVFB cleaves pro-sigmaK into ¢* and coat

production can commence within the mother cell.

ii. SpoIVFB and Regulated Intramembrane Proteolysis

Regulated intramembrane proteolysis (RIP) is a means of signal transduction by
which transmembrane proteins are cleaved by membrane-bound proteases. SpolVFB, an
integral membrane protein, employs RIP to cleave and activate 6. RIP is a widespread

mechanism that has been observed from bacteria to humans and other animals [28].
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RIP proteases are divided into serine, aspartyl, or metalloprotease subfamilies
which are identified by their conserved active site residues [27]. RIP is mediated by a
group of membrane-bound proteases, deemed I[-Clips (Intramembrane-cleaving
proteases) [27]. SpolVFB belongs to a subset of I-Clips, the site-2 proteases, or S2P, and
is a zinc metalloprotease [29,30]. Zinc metalloproteases are characterized by an active
site HExxH motif within a transmembrane segment [27,29]. SpolVFB also has a second
conserved NPDG motif (Figure 5) [30]. Both of these motifs are necessary for the
activation of 6~

In other organisms, S2Ps serve varying functions. In spite of this, the mechanism
by which they work is the same, and the proteins are recognized by their conserved active
site domains. Vibrio cholerae and Mycobacterium tuberculosis S2P proteins YaeL and
Rv2869c, respectively, control important virulence genes [27]. Human S2P is shown to
cleave sterol regulatory element-binding proteins (SREBPs) which then initiate
transcription of genes in the cholesterol and fatty acid biosynthetic pathways. The gene
encoding the LDL-receptor is also directly upregulated by SREBPs, allowing cells to
absorb cholesterol and fatty acids from external sources [31]. S2P also regulates the
unfolded protein response (UPR) in the endoplasmic reticulum [32]. MmpA, a
Caulobacter crescentus S2P, is important for the preservation of cell asymmetry, a factor
needed for assembly of pili and holdfast at the proper cell pole [33]. S2Ps are even
significant in plants. It has been demonstrated that AraSP (Arabidopsis SP), a plant S2P
and metalloprotease, is necessary for chloroplast (specifically thylakoid) development,

and may have a role in general plant development as well [34]. These cases illustrate the
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diversity of S2Ps and the widespread prevalence of RIP as a means of signal

transduction.

iii. The second checkpoint dispute

Engulfment is required for 6 activation. Though the exact mechanism is
unknown, there are some ideas as to how engulfment transmits a signal making the cell
aware of its completion. In normal sporulation, 6 is produced before engulfment is
completed, but is held inactive [20]. Activation requires a 6" signal from the mother cell
and transcription directed by the forespore-specific, o [38,39]. In recent studies, c° was
expressed and activated in the forespore after septum formation without the requirements
of 6" or the completion of engulfment [40]. Ordinarily, 6" is required for spollIG
transcription and o activation. This construct was made by deleting spolllE so that only
the “origin-proximal” 30% of the chromosome would be pumped into the forespore. It is
also necessary that spolllG be made part of this 30% of the chromosome so its
transcription can be directed by o*. It was found that 6° was expressed near wild type
levels and that restoring 6" activity did not affect these levels. These data suggest that "
does not function to control levels of GG, but rather to coordinate activation of ¢© with the
completion of engulfment [40].

In the absence of BofA, SpoIVEB is uninhibited and can thus activate ¢* without
the need for SpoIVB or 6° activity. It is currently believed, however, that SpolVFB
activity is not regulated by the forespore checkpoint alone (Figure 4). It has been found
that when bofA is deleted, SpoIlVFB, and thus 6*, can be activated without ¢, bypassing

the forespore checkpoint [36,37]. Jiang et al have found that when spolID is mutated,
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disabling engulfment, a bofA mutation is not sufficient for SpoIVFB and ¢* activation
[35]. This suggests that the ability of SpoIVFB to activate 6" is coupled independently to
both 6 activity, via the forespore checkpoint, and the completion of engulfment, deemed
the engulfment checkpoint (Figure 4). The mechanism by which engulfment effects the
activation of SpolVFB is as yet unknown.

Another model by which engulfment controls activation of 6* has been proposed
by Doan and Rudner [41]. This model suggests that when engulfment is perturbed, a
degradative response is activated to proteolytically clear all proteins secreted into the
intermembrane space. They show that SpolVB, a protease responsible for SpolVFB
activation, fails to accumulate when engulfment is blocked. They state that this is a
reversible process, and that SpolVB can accumulate when engulfment is restored, thus
restoring SpolVFB and c® activation [41]. They believe that in this way, at the level of
SpoIVB, engulfment acts as a morphological checkpoint for 6* activation (Figure 4A).

Doan and Rudner [41] go on to address the model of Jiang et al [35] where a bofA
mutation is not sufficient to activate * in the absence of engulfment. Doan and Rudner
suggest that the reason for this phenotype is not due to an engulfment checkpoint
regulating Spol VFB activity, but rather to instability and a significant reduction of
SpolVFB protein [41]. They show that in a bofA deletion background, SpolVFB levels
are significantly reduced, but still yield activation of ¢* due to a small amount of
constitutively active SpolVFB [21]. They analyzed SpoIlVFB levels in bofA bypass
strains also lacking spollQ or spolID and suggested that in these strains, SpolVFB levels

were further reduced [41]. They propose that the lack of 6™ activation in these strains is
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simply due to further reduced SpoIVFB levels, and do not signify the existence of a
second, engulfment, checkpoint regulating Spol VFB activity.

Here, we describe mutants that can bypass either the forespore or the engulfment
checkpoint, and provide further evidence for an engulfment checkpoint directly
regulating Spol VFB activity. As yet, no mutants have been found that are able to bypass
both of these checkpoints, indicating their separate nature. It will also be shown that
SpoIVFB protein levels do not directly correlate with 6™ activity, and that there is,
indeed, no further reduction in SpolVFB levels in strains lacking bofA as compared with

those lacking both bofA and spolID.
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C. Results — Fusion activation
i. Constructing spolVFAB mutants

If 6* is controlled by two separate checkpoints, then it should be possible to
isolate mutants that bypass one or the other checkpoint. Point mutants in both SpolVFA
and SpolVFB were previously created and screened that can bypass the requirement for
the forespore checkpoint and the engulfment checkpoint, respectively (performed by
Amber Dance).

To identify bypass of engulfment (Boe) mutants, mutagenized SpolVFAB plasmid
was transformed into a Bacillus subtilis strain incapable of engulfment. This strain was
deficient in spolID, necessary for engulfment, and also bofA, so as to bypass the
forespore checkpoint. This strain also carried a null spolVFAB mutation. To test for 6™
activation, a cotD-lacZ fusion was used under control of 6. About 40,000 point mutants
were screened on DSM-X-gal plates and only one boe point mutant was found in
SpolVFB (performed by Amber Dance). This mutant contained a serine to glycine
change at amino acid 260, SpolVFB-S260G.

Bypass of forespore (Bof) mutants were screened in the same way, but mutant
plasmids were instead transformed into a strain lacking wild-type spolVFAB and spolllG,
the gene for 6°. This strain also contained the cotD-lacZ fusion to assess 6" activity. A
Bof point mutation in SpolVFA, containing a serine to leucine change at amino acid 80,
SpolVFA-S80L, was obtained (performed by Amber Dance).

An attempt was made to find mutants that bypassed both checkpoints, Bob
mutants. Chromosomal DNA from various Bof mutants was transformed into a strain

lacking wild-type spolVFAB, spolID, and spolllG, and also containing the cotD-lacZ
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fusion. No bob mutants were obtained (performed by Amber Dance). This supports the
idea that the forespore and engulfment checkpoints are two distinct mechanisms for

controlling SpoIVFB and ¢* activity.

ii. 6™ activation by wild-type SpolVFAB in various backgrounds

It has been demonstrated that a bofA mutation bypasses the requirement for o¢
activity and for SpoIVB to activate ™ [35]. However, in the absence of engulfment, a
bofA mutation is not sufficient to activate c~, suggesting the existence of dual
checkpoints, forespore, and engulfment. An engulfment-defective mutant in spolID also
fails to activate o [41], but this is likely due to an engulfment checkpoint, and not
simply because it lacks 6 activity.

We have reproduced each of these prior results. Using a beta-galactosidase
activity assay (Materials and Methods) to measure the activity of a cotD-lacZ fusion, we
have assessed ™ activity in strains containing wild-type SpolVFAB in various
backgrounds. The fusion is activated in the wild-type SpoIVFAB strain (Figure 6), but
when engulfment is impaired by a mutation in SpolID, the fusion is not activated to
adequate levels (Figure 8). Placing wild-type SpolVFAB in a strain lacking bofA
bypasses the requirement for 6%, or the forespore checkpoint, and allows for activation of
the cotD-lacZ fusion (Figure 7). Fusion activation levels in this bofA deletion do not
reach those of wild-type SpolVFAB in a wild-type background. Also reproducible is the
result that, wild-type SpolVFAB in an engulfment-impaired background, is unable to
activate the fusion even in the absence of bofA (Figure 9). This result supports the idea

that two independent checkpoints govern SpolVFB and thus, ¢™ activation.
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It has been shown that the SpollQ protein plays an important role in engulfment
and is essential for engulfment-dependent 6 activation [42]. SpollQ interacts with
mother cell protein, SpollIAH, tethering it to the forespore membrane where it is required
for ¥ activation [43,43]. Mutants in SpollQ also lacking bofA fail to complete
engulfment [35]. It is thus interesting to see whether ™ would be activated in the
absence of SpollQ. Doan and Rudner have shown that mutants in spollQ fail to activate
6~ [41]. We have observed the same result in our spollQ deletion strain containing wild-
type SpolVFAB (Figure 10). This strain fails to activate the cotD-lacZ fusion. The
cotD-lacZ fusion is also not activated by wild-type SpolVFAB in a strain lacking spollQ
and bofA (Figure 11). Even though bofA is deleted, since this strain cannot complete
engulfment, it lends support to the existence of an engulfment checkpoint governing the

activation of SpolVFB.

iii. Bypassing the forespore checkpoint: FA-S80L

The ability to bypass the forespore checkpoint for SpoIVFB activation was tested
utilizing a mutant in Spol VFA, FA-S80L. However, it was thought that this bof
phenotype could be due to a disruption of the interactions between Spol VFB and BofA.
Since SpolVFA mediates the localization of the BofA/FA/FB complex to the outer
forespore membrane [23], mutating amino acids necessary for this interaction would
result in a constitutively active SpolVFB. It was shown that SpolVFA-S80L was able to
properly recruit Spol VFB-GFP to the outer forespore membrane (Amber Dance).
However, GFP-(A27)BofA [21] was mislocalized and expressed at low intensity (Amber

Dance). With BofA missing, SpolVFB would be uninhibited. This accounts for FA-
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S80L’s bof phenotype and suggests that amino acid 80 is in a region necessary for the
proper localization and interaction of BofA and Spol VFB (Amber Dance).

This mutant is useful in demonstrating the existence of dual checkpoints in
SpolVFB activation. FA-S80L in a wild-type background allows for early activation of
the cotD-lacZ fusion at t4 (Figure 6). Activation levels also highly exceed those of wild-
type SpolVFAB at t5 in a similar background. This can be attributed to FA-S80L’s bof
phenotype: since BofA is absent, Spol VFB is uninhibited and can activate the fusion
earlier. In a strain lacking bofA, FA-S80L allows activation of the cotD-lacZ fusion to
levels higher than that of wild-type SpolVFAB in the same background (Figure 7). In an
engulfment-deficient background, FA-S80L, like wild-type SpolVFAB in the same
background, fails to permit activation of the cotD-lacZ fusion to adequate levels (Figure
8). Since FA-S80L is a bof mutant, the forespore checkpoint is already bypassed. By not
being able to activate the fusion in a spollD mutant strain, the existence of a second,
engulfment checkpoint, is further validated. This idea is tested again by examining cotD-
lacZ fusion activation in a strain with FA-S80L, lacking bofA and engulfment. Like wild-
type SpolVFAB in the same background, the fusion is not activated (Figure 9). Without
engulfment, bypassing the forespore checkpoint is not enough to effect activation of 6*.
The engulfment checkpoint is essential for this activation.

Activation of the cotD-lacZ fusion was also tested in an FA-S8O0L strain lacking
spollQ. Unlike wild-type strains in the same background, the FA-S80L mutation allows
for activation of the fusion (Figure 10). This can be attributed to FA-S80L’s bof
phenotype. Even though SpolIQ is necessary for ¢° activation [42], and thus the

forespore checkpoint, this is already bypassed by FA-S80L. Since this strain still engulfs,
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bypass of the forespore checkpoint is enough and the fusion can be activated. FA-S80L,
like wild-type SpolVFAB in the same background, does not support the activation of the
cotD-lacZ fusion in a strain lacking spollQ and bofA (Figure 11). Even though FA-S80L
is able to bypass the forespore checkpoint, strains lacking spollQ and bofA are unable to
engulf. Thus, since FA-S80L cannot bypass the requirement for engulfment, the fusion is
not activated. Once again, evidence for the engulfment checkpoint is established by this

model.

iv. Bypassing the engulfment checkpoint: FB-S260G

SpolVFB and BofA localization to the forespore membrane is mediated by
SpolVFA. It was theorized that FB-S260G’s boe phenotype could be due to
mislocalization, separating it from its inhibitor, BofA. An uninhibited SpolVFB would
be constitutively active, thus giving us the resulting phenotype. Proper localization of
SpolVFB and BofA was examined. It was found that in the SpolVFB-S260G strain, FB-
S260G-GFP and GFP-(A27)BofA [21] localize normally (Amber Dance). Since
SpolVFA is required to mediate this localization, it is believed that SpolVFA was present
in this complex as well. Thus, the boe phenotype is due to a change in signaling, not to
mislocalization or an uninhibited SpolVFB.

SpolVFB-S260G is able to activate ™ in multiple different backgrounds. In a
wild-type background, FB-S260G activates the cotD-lacZ fusion around t4 and activity
increases over the next three hours (Figure 6). Activation levels are only slightly lower
than those of wild-type SpolVFAB. In a strain lacking bofA, FB-S260G activates the

fusion at levels significantly higher than those of wild-type SpolVFAB in the same
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background (Figure 7). This can be attributed to the bofA deletion and FB-S260G’s boe
phenotype. Deleting bofA makes the Spol VFB protein constitutively active. Since it
already bypasses the engulfment checkpoint, fusion activation can reach even higher
levels. In an engulfment-defective strain, FB-S260G is unable to activate the cotD-lacZ
fusion and levels are similar to those of wild-type SpolVFAB in the same strain (Figure
8). Even though FB-S260G has a boe phenotype, this is not enough to activate the fusion
when engulfment is absent. This result is due to the fact that BofA-mediated inhibition of
FB-S260G is still intact. Since it can bypass the engulfment checkpoint, but not the
forespore checkpoint, the fusion is not activated. Most importantly, in a strain lacking
both engulfment and bofA, FB-S260G is able to activate the cotD-lacZ fusion, a feat
impossible for both wild-type SpolVFAB and FA-S80L in the same background (Figure
9). These data show that FB-S260G can bypass the engulfment checkpoint, but not the
forespore checkpoint, presenting further confirmation for two, distinct and separable
checkpoints for Spol VEB and * activation.

These results are further supported by testing for cotD-lacZ fusion activity in
spollQ mutant strains. In a strain lacking spollQ, FB-S260G, like wild-type SpolVFAB
in the same strain, is unable to activate the fusion (Figure 10). This is due to the fact that
since SpollQ is necessary for 6 activation, BofA-inhibition of SpoIVFB, and thus the
forespore checkpoint, would remain intact. This prevents activation of the fusion by FB-
S260G in spite of it being able to bypass the engulfment checkpoint. In a strain lacking
spollQ and bofA, FB-S260G activates the cotD-lacZ fusion early after resuspension, by
t3. Activation levels are also extremely high (Figure 11). As previously stated, strains

lacking spollQ and bofA are unable to complete engulfment. Since BofA is not present,
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allowing for bypass of the forespore checkpoint, and FB-S260G can bypass the
engulfment checkpoint, fusion activity in this strain is quite high. The high levels of
activity and early activation in this strain are likely due to FB-S260G being uninhibited in
the absence of BofA, and also able to bypass engulfment. The presence of two

checkpoints is only more strongly established by these results.

D. Results — Spol VFB protein levels do not directly correlate with o~ activity
i. SpolVFB protein levels and o~ activity

It has previously been shown that in strains lacking bofA, levels of SpolVFB are
significantly reduced compared to wild-type [21,41]. It is suggested that in these
mutants, pro-c* processing is “delicately balanced:” that although SpoIVFB is
constitutively active in the absence of bofA, there is barely enough SpolVFB protein
present to support activation of 6™ [41]. It is then reported that SpoIVFB levels are
further reduced in strains lacking both bofA and either spollD or spollQ [41]. This study
thus supports the idea that the lack of ¢™ activity in engulfment-impaired strains also
lacking bofA is due to instability of the Spol VFB protein, not due to the presence of an
engulfment checkpoint preventing activation [41]. It is logical then to say that, if this
hypothesis is true, c* activation should show a direct correlation with SpoIVEB protein
levels. That is, lower protein levels would yield less 6™ activity, and higher protein levels
would yield greater 6™ activity.

To test these preceding results and this hypothesis, SpoIVFB protein levels were
analyzed in all strains mentioned in the above sections. To do this, Western blotting of

each strain was performed (Materials and Methods). Membranes were probed with anti-
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SpolVFB antibodies followed by an anti-rabbit Cy5 fluorescent secondary antibody. The
membranes were then scanned for fluorescence using a Typhoon scanner (Materials and
Methods). Band intensity for different strains was quantified. It must be remembered
that, since each membrane is different and there is normalization of intensity for each
scanned membrane, intensity numbers shown in resultant graphs are only relative, not

absolute. Thus, only strains in the same membrane can be compared.

ii. Wild-type SpoIVFB levels in various backgrounds

We tried to verify the result of Doan and Rudner [41] that perturbing engulfment
in a strain lacking bofA causes an additional decrease in SpolVFB protein levels. Our
results directly contradict those of Doan and Rudner. We compared SpoIVFB levels in
our SpolID mutant (IID298), their mutant (Tn917), and another lab mutant in SpollD
(AlID), all in a background with wild-type SpolVFAB where bofA is absent. These
strains were compared with a strain lacking bofA only. SpoIVFB protein levels in all of
the engulfment-minus and bofA-minus strains are actually higher than levels in a strain
lacking bofA only (Figure 12). This includes the Doan and Rudner construct and another
of our lab constructs. Our main engulfment-minus construct, [ID298, also lacking bofA,
even has slightly higher SpoIVFB levels than the other two constructs. This shows that
the reason for 6~ not being activated in these strains, even though it is active in a bofA
deletion, is not due to a further decrease in protein levels, but rather, due to the inability
of wild-type Spol VFB protein to bypass the engulfment checkpoint, even when

constitutively active.
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It has been observed that when bofA is present in an engulfment-defective strain,
there is no reduction in SpolVFB protein levels [41]. We compared SpolVFB levels in
each of the three SpolID constructs listed above in the presence of bofA. In a normal
Western blot utilizing ECL-plus and visualizing on x-ray film, SpolVFB levels in the
engulfment-defective strains appears exactly the same as those in a wild-type strain (data
not shown). To double-check this finding, we utilized the Typhoon scanner once again
and quantified the bands. It seems as though engulfment-defective mutants have slightly
less Spol VFB protein than wild-type (Figure 13). This result is most likely due to the
Typhoon scanner being more sensitive and able to pick up more subtle differences in
band intensities than can be noticed on x-ray film. In spite of this result, the difference in
SpolVFB levels in these strains is not significant. The Tn917 and AIID strains have
lower SpolVFB levels than the IID298 strain, which has levels slightly lower than wild-
type (Figure 13). Since no engulfment-defective strain can activate 6™ in the presence of
bofA, this difference in Spol VFB levels is insignificant.

Since our IID298 construct is not significantly different than the Tn917 or AIID
constructs, we went on to compare Spol VFB protein levels in strains lacking bofA and
either SpolID or spollQ (bofA and spollQ double mutants cannot complete engulfment).
(Henceforth, SpolID mutants referred to are IID298). It is once again shown that
SpoIVFB levels in an engulfment-defective strain also lacking bofA are higher than those
in a strain lacking only bofA (Figure 14). Additionally, in a strain where both bofA and
spollQ are absent, Spol VFB levels are similar to levels in the strain lacking only bofA
(Figure 14). These results directly contradict a finding by Doan and Rudner [41] that

there is a further reduction in SpoIVFB levels in bofA-minus/ SpollQ-minus strains when
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compared to the bofA-minus only strain [41]. Since the bofA-minus strain is capable of
activating 6" to nearly 50% of wild-type levels (Table 1) while having low levels of
SpoIVFB protein, our results further show that levels of Spol VFB are irrelevant.
Processing of ™ is not delicately balanced by SpoIVFB levels, but rather controlled by
two, separate checkpoints. Strains lacking both bofA and SpolID or SpollQ cannot
activate o™ because, although the forespore checkpoint is bypassed, they are unable to
bypass the engulfment requirement for * activation.

To further test our model, SpolVFB levels were analyzed in strains lacking only
SpolID or SpollQ, in comparison with a bofA deletion. Consistent with our earlier
results, it can be seen that SpolVFB levels in a strain lacking spolID are slightly lower
than those in a wild-type background (Figure 15). Deleting spollQ appears to have a
greater influence on SpolVFB levels, as this strain has lower levels than both wild-type
and SpolID-minus (Figure 15). Since SpollQ has many functions, including IIIAH
localization, and FA and SpoIVFB recruitment, in addition to being important for ¢™
activation, it is logical that its deletion could lead to decreased levels of SpolVFB. Once
again, the bofA deletion strain has the lowest SpolVFB levels, yet is the only strain that
can activate ¢*. Wild-type SpoIVFB in strains lacking SpoIID or SpolIQ is unable to
bypass the forespore checkpoint in the presence of bofA, and is also inhibited by the
engulfment checkpoint. This, and not SpoIVFB protein levels, explains their lack of 6*

activity.

iii. SpolVFB levels: wild-type SpolVFB versus FB-S260G and FA-S80L
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Anticipating further assessment of SpolVFB levels in strains containing mutants
in SpolVFA and SpolVFB (in other backgrounds), we have also compared SpolVFB
levels in wild-type strains containing either wild-type SpolVFB, FB-S260G, or FA-SSOL.

In a wild-type background, a strain containing FB-S260G has slightly higher
levels than wild-type at t4, but Spol VFB levels are otherwise similar between these two
strains (Figure 16). A strain containing FA-S80L has SpolVFB levels similar to those in
wild-type, but these levels plummet drastically after t3, resembling a bofA deletion strain
(Figure 16). This can be accounted for by FA-S80L’s bof phenotype. Since it bypasses
the forespore checkpoint even in the presence of bofA, it has lower levels of SpolVFB
protein, but is still able to activate 6. A summary of each mutant in all various
backgrounds is included in Table 1. SpolVFB levels do not correlate directly with levels
of 6* activity. This can be seen by comparing the data in Table 1 with relative levels of
SpolVFB protein in each strain. Although FB-S260G has slightly higher levels of
SpoIVFB protein than wild-type, " activity is lower in this strain (137.6 units in FB-
S260G versus 189.4 units in wild-type) (Table 1). If the Doan/Rudner [41] explanation
for activity were correct, one would expect that higher SpolVFB levels, thus a more
stabilized protein, would yield an increase in 6™ activity. It can easily be seen that this is
not the case. The converse is also untrue. A reduction in levels of SpoIVFB does not
equate to a reduction in 6" activity. SpoIVFB levels in a strain containing FA-S80L are
drastically lower than those in wild-type (Figure 16). In spite of this, 6* activity is
drastically higher in FA-S80L than in wild-type (417.2 units in FA-S80L versus 189.4
units in wild-type) (Table 1). One might explain that this result is due to FA-S80L’s bof

phenotype: that since the Spol VFB protein is unregulated, it can support 6~ activity. If
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this were the only explanation, however, one would not expect such high levels of 6~
activity. In the presence of such low levels of Spol VFB, Doan and Rudner would expect
it to barely activate 6™, much like it does in strains lacking bofA. It seems as though
SpoIlVFB activity may even be higher in the FA-S80L strain.

SpolVEB levels were also measured in strains lacking bofA for each mutant.
SpolVFB levels in all strains, wild-type Spol VFAB, FB-S260G, and FA-S80L in a bofA
deletion seemed to follow the same trend, and were almost exactly the same (Figure 17).
Each strain’s Spol VFB levels were significantly lower than those of wild-type. In spite
of each strain having extremely low SpoIVFB levels, they all activate o™ (Table 1). Units
of activity in the bofA deletion background are: wild-type SpolVFAB —95.2, FB-S260G
—245.6, FA-S80L — 155.9 (Table 1). Since each strain has nearly identical levels of
SpoIVFB, differences in 6* activity must be due to each strain’s respective phenotype,
and thus due to separable checkpoints still in place. Wild-type SpolVFAB is still
controlled by the engulfment checkpoint, FB-S260G bypasses engulfment, and FA-SSOL
bypasses the forespore checkpoint. Each strain is also constitutively active due to the
absence of BofA. In addition to being governed by dual checkpoints, it seems that each
strain has differential SpolVFB protein activity. This is most likely due to some
inhibition mechanism that has been made obsolete by mutations in their respective amino

acid residues.

iv. SpolVFB levels: FB-S260G in various backgrounds
SpolVFB levels were measured in strains containing the FB-S260G mutation in

order to further prove the lack of any correlation between c* activity and SpoIVFB
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levels. We compared FB-S260G strains lacking bofA, spollQ, or SpolID. Of these
strains, the bofA-minus strain is shown, once again, to have the lowest SpolVFB levels
(Figure 18). Deleting bofA significantly reduces Spol VFB levels in a strain containing
FB-S260G when compared to FB-S260G in a wild-type background. In spite of this, the
bofA deletion strain is able to activate the cotD-lacZ fusion to very high levels (245.6
units) (Table 1). This is most likely due to the ability of this mutant to bypass the
engulfment checkpoint, and that it is constitutively active in the absence of BofA.

In an engulfment-defective strain containing FB-S260G, SpolVFB levels are only
slightly lower than those in the wild-type FB-S260G strain (Figure 18). In spite of these
higher levels of Spol VFB protein (when compared to bofA-minus), this strain is still
unable to activate the cotD-lacZ fusion (Table 1). This gives evidence for the separate
nature of the two checkpoints governing SpolVEB and c* activity. Even though this
mutant is able to bypass the engulfment checkpoint, it cannot activate the cotD-lacZ
fusion while bofA is still in place. Thus, the presence of the forespore checkpoint here is
preventing activation of the cotD-lacZ fusion. A similar case can be seen in the FB-
S260G strain lacking spollQ. While SpolVFB levels in this strain start out close to those
of wild-type FB-S260G, they decrease significantly after t3 to less than 50% of wild-type
levels (Figure 18). Like the engulfment-defective FB-S260G strain, the SpollQ-minus
strain also cannot activate the cotD-lacZ fusion (Table 1). It is likely that this result is not
due to the decrease in Spol VFB levels, but rather to the forespore checkpoint remaining
intact and preventing activation of the fusion.

Strengthening the argument for an engulfment checkpoint that also governs

SpoIVFB and 6" activity are the FB-S260G mutants lacking both bofA and spollQ or
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SpolID. SpoIVFB levels in the FB-S260G strain lacking both bofA and engulfment are
only slightly higher than levels in a mutant lacking only bofA (Figure 19). In an FB-
S260G mutant lacking both bofA and spollQ, SpoIVFB levels are very slightly lower
than the mutant lacking only bofA (Figure 19). All three of these strains have SpolVFB
levels that are significantly lower than levels in a wild-type strain containing FB-S260G.
In spite of these extremely low SpolVFB levels, these engulfment-defective, bofA-minus
strains are able to activate the cotD-lacZ fusion. The FB-S260G strain lacking bofA and
SpollID activates the fusion to 44.4 units, while the strain lacking bofA and spollQ
activates the fusion to 202.0 units (Table 1). Differences in activation between these two
strains are mostly likely due to other effects of deleting spollQ. Since spollQ is
important for engulfment and ¢ activation, it is possible that its deletion causes a
disruption of multiple components of both the engulfment and forespore checkpoints.
With both checkpoints inoperative and with SpoIVFB constitutively active (due to
BofA’s absence), the fusion can be activated to higher levels than in the mutant lacking
bofA and SpolID.

The key point to be taken from these results is that, even with extremely low
SpoIVFB levels, the FB-S260G mutant can activate the cotD-lacZ fusion, and thus
bypass the engulfment checkpoint in the absence of bofA. Since it is unable to bypass
engulfment in the presence of bofA, it is thus shown to be a bypass of engulfment, and
not a bypass of forespore mutant. This also lends greater credence to the notion that
these are independently operating checkpoints. It is also shown that activation of " is

independent from SpoIlVFB protein levels.
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v. SpolVFB levels: FA-S80L in various backgrounds

To further investigate the existence of dual checkpoints and the lack of a
relationship between SpoIVFB levels and 6* activity, SpoIlVFB levels were measured in
strains containing the FA-S80L mutation. First, we compared strains containing FA-
S80L and lacking bofA, spollQ, or SpolID. It was found that, when compared to FA-
S80L in a wild-type background, SpolVFB levels decrease slightly in a strain lacking
SpolID (Figure 20). Since this strain is unable to activate the cotD-lacZ fusion (Table 1),
even though it has a bof phenotype and relatively high SpoIVFB levels, this result is most
likely due to its inability to bypass the engulfment checkpoint. Like strains containing
wild-type SpolVFAB and FB-S260G, deleting bofA in an FA-S80L strain causes a
significant decrease in Spol VFB levels (Figure 20). In spite of these decreased levels,
this strain is able to activate the cotD-lacZ fusion to 155.9 units. This result further
shows the lack of correlation between SpoIlVFB levels and ¢® activity. Unlike wild-type
SpolVFAB and FB-S260G, deleting spollQ in an FA-S8OL mutant causes SpolVFB
levels to decrease to slightly lower than in a mutant where bofA is deleted (Figure 20). In
this strain, BofA is present, but mislocalized. Even though spollQ is deleted, SpolID,
SpolIM, and SpollP are still present to allow the cell to engulf. In this way, the spollQ
deletion’s primary effects are on the forespore checkpoint, affecting 6 activation. In
spite of extremely low SpolVFB levels, the FA-S80L strain lacking spollQ is able to
activate the cotD-lacZ fusion to 53.4 units (Table 1). This result shows that this strain is
able to bypass the forespore checkpoint for 6" activation, and that SpoI VFB levels are

inconsequential.
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SpolVFB levels were tested in FA-S8OL strains lacking bofA and either spollQ or
SpolID. Of these strains, the FA-S8OL strain lacking bofA had the lowest Spol VFB
levels (Figure 21). Slightly higher SpolVFB levels were observed in the FA-S80L strain
lacking both bofA and spollQ (Figure 21). SpolVFB levels were appreciably higher in
the FA-S80L strain lacking both bofA and SpolID. Although SpolVFB levels are higher
in the strains lacking both bofA and spollQ or SpolID (as opposed to the strain lacking
only bofA), neither of these strains is able to activate the cotD-lacZ fusion (Table 1). The
implications of these results are two-fold: the FA-S8OL mutant can only bypass the
forespore checkpoint and not the engulfment checkpoint (as the double-mutant strains do
not engulf). Also, higher SpolVFB levels do not equate to higher levels of fusion

activation.

E. Discussion and conclusion

The forespore pathway for the activation of 6™ and SpoIVFB has been well-
characterized [19, 21-25]. Our results verify the existence of a second, distinct pathway
that also governs SpolVFB and ¢* activation: the engulfment checkpoint. If only one
checkpoint existed, or if these two checkpoints were not separable, it should have been
possible to isolate mutants that bypassed both checkpoints, and could activate ¢* without
6" or engulfment. Previous studies show that this is not possible, and that mutants found
can bypass the requirements for either ¢° or engulfment, but not for both. This indicates
that the checkpoints function via different pathways. Also, we have found that 6™
activity does not correlate directly with SpolVFB protein levels. If this were true, a

decrease in SpoIVFB levels should always result in lower 6™ activity, and vice versa.
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This was found to not always be true, as some strains which had low SpoIVFB levels
exhibited high 6* activity. Indeed, dual checkpoints, and not SpoIVFB levels, govern 6*
activity through regulation of the activity of SpolVFB, and not only through its

accumulation levels.

i. SpoIVFA is involved in receipt of the forespore signal

It has been shown that SpoIlVFA is important for the localization of BofA and
SpoIVFB, and for mediating the interaction between BofA and SpolVFB (Figure 3) [21].
If FA and BofA are not present, the complex is mislocalized. It is possible that if
mislocalized, SpolVFB could be targeted for degradation, resulting in lower levels of
SpolVFB protein in strains lacking bofA, or containing a mutated SpolVFA. Our results
for mutants containing FA-S80L are consistent with such a hypothesis. Strains
containing FA-S80L have lower levels of SpolVFB. This is most likely due to
mislocalization of the whole 6* processing complex. Without proper recruitment to the
outer forespore membrane, it is possible that rogue SpolVFB protein is degraded.
SpolVFB protein that happens to find its way to its proper position, would be
constitutively active without SpoIVFA to mediate its inhibition by BofA. It has been
shown that SpolVFA requires the presence of bofA to localize the complex [44]. Our
hypothesis would also help explain such low SpoIlVFB levels in strains lacking bofA. It
is proposed that SpoIVFA is involved in the receipt of the forespore signal for 6*
activation. In our model, normal SpolVFA mediates BofA inhibition of SpoIVFB and
proper localization of the complex. The forespore signal leads to SpolVB cleavage of

SpoIVFA, and release of Spol VFB inhibition. When SpoIVFA is mutated, or when bofA
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is deleted, the entire complex mislocalizes, and improperly-positioned SpoIVFB is
degraded. The SpoIVFB that does make it into the correct position is able to activate c~.
It is thus thought that the forespore checkpoint regulates ¢~ activation by relieving

inhibition and controlling protein levels of SpolVFB.

ii. SpolVFB is involved in the receipt of the engulfment signal

Only one mutant was found to bypass the engulfment checkpoint for 6™ activity:
FB-S260G. It is likely that the serine residue at position 260 is involved in receiving a
signal sent through the engulfment pathway, activating Spol VFB, or increasing its
activity. SpolVFB-S260G was found to be able to activate a cotD-lacZ fusion in the
absence of both bofA and spollQ or SpolID (even though these strains have low levels of
SpolVFB). Deleting bofA is necessary to bypass the forespore checkpoint. If BofA is
present, Spol VFB will be inhibited. By replacing the S260 residue with glycine, this
mutant is able to bypass the engulfment requirement for activation. In the absence of
bofA only, the FB-S260G mutant was found to have higher cotD-lacZ fusion activity than
its wild-type SpolVFAB counterpart in the same background. This suggests that by
replacing the serine at position 260 with a glycine imparts the Spol VFB protein with
higher activity. Wild-type SpolVFAB and FA-S80L in strains lacking both bofA and
spollQ or SpolID are unable to activate a cotD-lacZ fusion (even with similar SpolVFB
levels to those in FB-S260G in the same background). Even though the low levels of
SpolVFB in these strains are uninhibited, they still are unable to activate the fusion. This
is assumed to be because the Spol VFB protein has not been activated via an unknown

engulfment checkpoint-dependent mechanism. It is thus concluded that the engulfment
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checkpoint regulates c* activity by controlling specific activity of the SpoIlVFB protein
itself, through an unknown mechanism (Figure 4B).

In conclusion, Spol VFB activity and thus ¢ activation are regulated by two
independent checkpoints: The forespore checkpoint, which regulates Spol VFB protein
levels, and the engulfment checkpoint, which regulates SpolVFB protein activity. These
dual checkpoints assure that both the forespore and mother cell are prepared for 6™

activation.

F. Suggested future experiments

Utilizing the mutants from this study, it would be advantageous to see if mutating
specific residues would result in the same bof or boe phenotypes previously described.
Random mutagenesis on residue 80 of Spol VFA should be performed to see if other
mutants can be created with the same or stronger bof phenotype. It is also interesting to
see if random mutagenesis can be performed on residue 260 of SpoIlVFB to create any
other boe mutants. These mutants can be used to further test the hypotheses put forth
above.

It has been proposed that engulfment regulates ¢™ activity not at the level of
SpolVFB, but at the level of SpolVB. It is thought that perturbing engulfment causes the
proteolytic clearance of SpolVB and all secreted proteins, preventing activation of
SpoIVFB, and thus 6" [41]. It is important then, to test levels of the SpolVB protein in
each of the mutants we have characterized. If SpolVFB and 6" activation can be

achieved without SpolVB, further evidence for dual checkpoints will be garnered.
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It has previously been shown that SpollQ is important for proper localization of
SpollTAH and these two proteins also recruit Spol VFA and SpoIlVFB to the septum [35,
43-44]. 1t would be interesting then to see the effects of a SpollIAH deletion on
SpoIVFEB protein levels, SpolVFA, SpoIVFB, and BofA localization, and ¢* activity. It
would also be important to test Spol VB levels in these strains, as SpolVB is known to
cleave SpollQ.

Each of these experiments would be useful to completely elucidate the
mechanisms employed by the mother cell and the forespore to control SpoIVFB and 6*

activation.
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G. Materials and Methods
i. Strain construction

B. subtilis strains (Appendix B) were constructed by transformation [45].
Chromosomal DNA from specific strains (wild-type or mutant in SpolVFA or spolVFB)
with a deletion of wild-type spolVFAB was added to competent cells whose chromosome
lacked wild-type spolVFAB and contained the desired background (ex: 11D298, AbofA,
cotD-lacZ, AspollQ, etc). Following introduction into the B. subtilis chromosome,
recombinants were checked for their antibiotic resistances, ability to form spores,

activation of cotD-lacZ, and the inactivation of amyE.

ii. p-galactosidase activity assay

Sporulation was induced by resuspension at 37°C [46]. The cells were
resuspended in 25 ml media (for Western blotting and -galactosidase assay) and shaken
in flasks. One ml samples were collected each hour at 1 through 7 hours after the onset
of sporulation. Samples were processed and -galactosidase assays were performed as
described [47,48]. Data from repeated experiments were averaged and graphs were

prepared using Microsoft Excel.

iii. Western Blotting

Bacterial cultures were induced to sporulate by resuspension. One ml samples
were taken into 110ul 50% trichloroacetic acid (TCA) each hour at 1 through 7 hours
after the onset of sporulation. Samples were prepared [48], heated for 10min at 42°C,

and loaded on a 12.5% SDS-polyacrylamide gel. Proteins were transferred to PVDF
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[49], blocked with 5% nonfat dry milk in PBS-0.5% Tween-20, and probed with a 1:1000
dilution of rabbit polyclonal anti-SpolVFA (1:3000 when in conjunction with
chemiluminescent secondary) or anti-Spol VFB antibodies. Each membrane was probed
with a secondary antibody of 1:3000 HRP-conjugated anti-rabbit IgG (visualized with
ECL-plus [Amersham]), or 1:2000 anti-rabbit Cy5 fluorescent antibody (for protein level

quantification).

iv. Quantification of SpoIVFB protein levels

Western blotting was performed as described above using an anti-rabbit Cy5
fluorescent secondary antibody. The membranes were then scanned using a Typhoon
scanner and a setting specific for Cy5 fluorescence at SOOPMT. The resulting image was
quantified using ImageQuant software and the band intensity volume data was imported
to Microsoft Excel. Membrane background values were subtracted from band intensity
values for bands of each strain. Graphs were then made in Microsoft Excel using the
intensity data. Upon scanning, the Typhoon scanner seems to normalize pictures
according to the highest intensity band. In this way, it helps prevent over-exposure and
maintain the intensity relationship between bands. Since each membrane is unique and
has different background values, band intensities for varying strains can only be
compared to strains that are on the same membrane. Thus, band intensity numbers are

relative values, not absolute.
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H. Figures and Tables

. - \% -

Figure 1. Sporulation

(A,B) The sporulating cell divides asymmetrically, forming the smaller forespore and
larger mother cell. (B) The chromosome is pumped into the forespore. (C) SpollD
hydrolyzes septal peptidoglycan, pulling along the mother cell membranes. (D,E) The
mother cell membranes migrate around the forespore. (F) The membranes meet and fuse
at the cell pole. Following this is the formation of the spore coat and spore release from
the lysed mother cell. Modified with permission from [5].
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Figure 2. Transcription factor activation during sporulation

(A) 6" in the forespore is activated first. (A,B) Genes are activated that allow for ¢
activation in the mother cell. (C) ¢ and 6 are present in their respective compartments,
but remain inactive until after engulfment. (D) o initiates the forespore checkpoint
which leads to 6* activation in the mother cell. Used with permission from [35].
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Figure 3. The forespore checkpoint

After engulfment, ¢~ leads to upregulation of spolVB causing high levels of SpolVB
protein to accumulate. SpolVB is secreted into the intramembrane space (between the
mother cell and forespore) and cleaves SpolVFA. This cleavage relieves the BofA-
mediated inhibition of SpolVFB. SpoIVFB then executes regulated intramembrane
proteolysis (RIP) of pro- 6* into active 6", which is released into the mother cell. (It is
believed that after cleavage of FA by SpolVB, another protease, CtpB, cleaves FA and
BofA). Modified with permission from [26].
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Figure 4. Two independent checkpoints
The forespore checkpoint is well characterized. It begins with 6© activation, and SpolVB
production. Although low levels of SpoIVB are produced under control of ¢, its levels
are greatly increased under 6°. SpoIVB cleaves SpoIVFA, relieving inhibition of
SpolVFB by BofA. It is also believed that CtpB cleaves FA and BofA. SpoIVFB then
cleaves pro- ¢~ into active 6 which is released into the mother cell. (A) One engulfment
model suggests that engulfment regulates 6~ processing by preventing accumulation of
SpolVB and other proteins secreted into the intramembrane space if engulfment is
perturbed. (B) Another engulfment model proposes that engulfment regulates ¢™
processing by regulating the SpolVFB processing enzyme. (?) Amid so many models, it
is possible that engulfment could regulate ¢* activity by directly or indirectly regulating
SpolVFA or BofA, two key components in SpolVFB regulation. It is possible that
mechanisms exist to support all three potential models of the engulfment checkpoint.

CtpB



Forespore

Ilother Cell

Figure 5. The BofA/SpolVFA/FB Complex

While in a complex localized by Spol VFA, BofA inhibits the zinc metalloprotease,
SpolVFB. A member of the S2P family, SpoIVFB has two conserved, transmembrane
domains. The HExxH motif is conserved throughout zinc metalloproteases. Here,
HELGH and NPDG are active-site domains and are responsible for the regulated
intramembrane proteolysis of 6* by SpoIVFB. (Not shown: pro- ¢* is also tethered in
the outer forespore membrane).
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Figure 6. Activity of the cotD-lacZ fusion in a wild type background

Wild-type SpolVFAB is able to activate the cotD-lacZ fusion in a wild-type background
(diamonds). The FB-S260G mutant also activates the fusion in the same background but
does not reach wild-type levels (squares). The FA-S80L mutant allows for early
activation of the cotD-lacZ fusion at t4, and its levels highly exceed those of wild-type
SpoIlVFAB in a wild-type background at t5 (triangles). A spolVFAB deletion mutant was
used as a negative control showing no activity of the fusion (x’s).
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Figure 7. Activity of the cotD-lacZ fusion in a bofA deletion background

All three strains, wild-type Spol VFAB (diamonds), FB-S260G (triangles), and FA-SS8OL
(squares) are able to activate the cotD-lacZ fusion in the absence of bofA. At t5, activity
of the fusion is greater than wild-type levels in the FB-S260G strain (both in the absence
of bofA. Fusion activity at t5 in wild-type SpolVFAB and FA-S80L (lacking bofA) does
not reach wild-type levels. Wild-type SpolVFAB is used for a comparison of fusion
activity (x’s).
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Figure 8. Activity of the cotD-lacZ fusion in engulfment-impaired strains (IID298)
In a background where engulfment is impaired (IID298), each strain is unable to activate
the cotD-lacZ fusion. In the SpolID-minus background, neither FB-S260G (squares),
FA-S80L (triangles), nor wild-type Spol VFAB (diamonds) is able to activate the fusion
to significant levels. This shows their inability to bypass the engulfment checkpoint
while the forespore checkpoint is still active.
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Figure 9. Activity of the cotD-lacZ fusion in engulfment-impaired strains (I1D298)
also lacking bofA

The cotD-lacZ fusion is not activated to significant levels in wild-type SpolVFAB
(diamonds) or in FA-S80L (squares) in the absence of bofA and engulfment. A bofA
mutation is thus shown not sufficient to activate the fusion (in these strains) in the
absence of engulfment, lending further credit to the argument for a separate engulfment
checkpoint. A boe mutant, FB-S260G (triangles), is able to activate the fusion. FB-
S260G can bypass the engulfment checkpoint in the absence of bofA. The forespore and
engulfment checkpoints are thus believed to be separable.
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Figure 10. Activity of the cotD-lacZ fusion in engulfment-impaired strains lacking
spollQ

Wild-type SpolVFAB in a strain lacking spollQ fails to activate the cotD-lacZ fusion to
adequate levels (diamonds). In the same background, FB-S260G also fails to activate the
fusion (squares). These results are expected due to the fact that the forespore checkpoint
cannot be bypassed by these strains in the presence of bofA. FA-S80L in a strain lacking
spollQ is able to activate the cotD-lacZ fusion (triangles). This result is expected due to
the bof phenotype of FA-S80L. spollQ deletion strains still complete engulfment, albeit
very slowly. However, synthesis of ¢ is impaired, preventing SpoIVFB activation. FA-
S80L is bypassing the forespore checkpoint to activate the fusion in this strain.
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Figure 11. Activity of the cotD-lacZ fusion in engulfment-impaired strains lacking
spollQ and bofA

In strains lacking spollQ and bofA, neither wild-type Spol VFAB (diamonds), nor FA-
S80L (triangles) activate the cotD-lacZ fusion. Engulfment is impaired in this
background, thus this result is expected. FB-S260G (squares) is able to activate the
fusion early, at t3, and to significant levels in this background. This is expected due to
the boe phenotype of this mutant.



83

800000
700000 -

600000 |

500000 | —a— bofA-

—=— bofA-, D298
bofA-, Tn917

300000 - bofA-, AlD

200000 |

100000 -

400000 -

Band Intensity (FB levels)

0 .
3 4 5

Hours after resuspension

N

Figure 12. SpolVFB protein levels in strains lacking bofA and engulfment

Wild type SpolVFB protein levels are significantly reduced in a wild-type strain lacking
bofA (diamonds). Engulfment impaired strains also lacking bofA actually show slightly
higher levels of Spol VFB protein than the strain where only bofA is deleted (squares,
triangles, x’s). Our main engulfment-negative construct, IID298, also lacking bofA,
shows slightly higher levels of Spol VFB than the other two constructs, and SpolVFB
levels are again higher than the bofA deletion strain.
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Figure 13. SpolVFB levels in engulfment-defective strains

The IID298 construct (squares) has slightly less SpolVFB protein than the wild-type
strain (diamonds). The other two constructs, AIID (x’s) and Tn917 (triangles), have
slightly lower SpolVFB levels than those present in IID298 and wild-type. This
difference in levels of SpolVFB is inconsequential, due to the fact that no strain can
activate ¢~ in the presence of bofA.
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Figure 14. SpolVFB levels in strains lacking bofA and SpolID or SpollQ

SpoIVEB levels in an engulfment-defective strain lacking bofA and SpolID (squares) are
slightly higher than levels in a AbofA only strain (diamonds). Levels in a bofA and
spollQ deletion strain (triangles) are equivalent to those in the strain lacking only bofA.
Since only the bofA-minus strain activates 6*, SpoIVFB levels are inconsequential for
activation. The other two strains do not activate 6" because they are unable to bypass the
engulfment checkpoint. (For comparison, peak band intensity for wild-type levels in the
same membrane is included).
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Figure 15. SpolVFB levels in strains lacking bofA, SpolID, or SpolIQ

SpolVFB levels in a strain lacking SpolID (squares) are higher than those of strains
lacking bofA (diamonds) or spollQ (triangles). Also, SpolVFB levels in this mutant are
close to those of wild-type (slightly less). Deleting spollQ effects a greater decrease in
SpolVFB levels than does mutating spolID. Peak wild-type intensity is included for
comparison.
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Figure 16. SpolVFB levels in SpolVFB and FA mutants

In a wild-type background, FB-S260G (squares) has slightly higher levels of SpolVFB
protein at t4 than wild-type SpolVFB (diamonds). Other than this difference, levels
between these two strains are similar. SpolVFB levels in a strain containing FA-SSOL
(triangles) start out close to those of wild-type, but drop drastically over time. This is
similar to mutants in bofA, accounted for by FA-S80L’s bof phenotype.
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Figure 17. SpolVFB levels in a bofA deletion

In strains lacking bofA and containing wild-type SpolVFAB (squares), FB-S260G
(triangles), or FA-S80L (x’s), Spol VFB levels are nearly identical. Each strain lacking
bofA has Spol VFB levels that are significantly lower than wild-type.
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Figure 18. Levels of FB-S260G in strains lacking bofA, SpolID, or SpollQ

In strains containing FB-S260G and lacking either bofA, SpolID, or SpollQ, SpolVFB
protein levels vary. In the strain lacking SpolID (triangles), SpoIVFB levels are only
slightly lower than those in a wild-type background (diamonds). In the strain lacking
SpollQ (x’s), Spol VFB levels start out close to those of wild-type FB-S260G, but
eventually decrease to less than 50% of wild-type levels. As expected, the strain lacking
bofA (squares) has significantly reduced levels of SpolVFB when compared to wild-type
FB-S260G.
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Figure 19. Levels of FB-S260G in strains lacking bofA and SpolID or SpollQ

In strains containing FB-S260G and lacking bofA and either SpolID or SpollQ, SpolVFB
protein levels are much lower than those of wild-type FB-S260G. SpoIVFB levels in
strains lacking bofA (squares), bofA and SpolID (triangles), and bofA and SpollQ (x’s)
are significantly decreased compared to levels of SpolVFB in a strain containing FB-
S260G (diamonds). SpolVFB levels in the double-mutants are similar to those in the
strain lacking only bofA.
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Figure 20. SpolVFB levels in FA-S80L strains lacking bofA, SpolID, or SpolIQ
Using peak wild-type Spol VFAB band intensity as a control, it can be seen once again
that Spol VFB levels in a strain containing FA-S80L (diamonds) are lower than those in a
completely wild-type strain. SpolVFB levels decrease slightly in the FA-S80L strain
lacking SpolID (triangles) when compared to FA-S80L in a wild-type background.
Unlike the wild-type SpolVFAB (Figure 15) and FB-S260G strains (Figure 18) in the
same background, deleting spollQ in the FA-S80L strain (x’s) causes Spol VFB levels to
decrease to slightly lower than those in the FA-S80L strain lacking only bofA (squares).
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Figure 21. SpolVFB levels in FA-S80L strains lacking bofA and SpolID or SpollQ
Using wild-type SpolVFAB as a control, it can be seen that deleting bofA and either
SpolID or SpollQ in a strain containing FA-S80L decreases Spol VFB levels
significantly. The lowest SpolVFB levels are in the FA-S80L strain lacking bofA only
(squares). Slightly higher levels are seen in the FA-S80L strain lacking bofA and SpollQ
(x’s). SpolVFB levels in the SpollD/engulfment-defective FA-S8OL strain also lacking
bofA (triangles) are appreciably higher than levels observed in the other two mutant
strains.



Table 1. cotD-lacZ activity in spolVFAB mutants in varying backgrounds

c" Activity (Miller Units)
Mutant/Background wt FAB FB-S260G FA-S80L

wt 189.4 137.6 417.2
bofA- 95.2 245.6 155.9

1ID- 33 2.6 5.0

bofA-, IID- 5.0 44.4 5.9

Q- 2.6 4.0 534

bofA-, 11Q- 33 202.0 3.5
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Activation of the cotD-lacZ fusion at five hours after resuspension is shown. The cotD-
lacZ marker was used to quantify 6* activity. Data are the average of two or more
independent experiments. A SpolVFAB deletion strain was used as a negative control
and, at 2.5 units at five hours after resuspension has, essentially, no activity (Shown in
Figure 6).
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i. Abstract

During sporulation in Bacillus subtilis, the cell undergoes an asymmetric division
forming a larger mother cell and a smaller compartment, the forespore. After the mother
cell engulfs the forespore, a protease secreted into the intermembrane space, Spol VB,
cleaves SpolIQ and SpoIVFA, leading to the activation of ¢* and its release into the
mother cell. It is important that SpolIQ proteolysis occurs after engulfment and
membrane fusion, as SpollIQ is important for localizing the complex responsible for 6*
activation. Since this proteolysis event occurs within the intermembrane space, an
extremely small compartment between the mother cell and forespore, it was suggested
that Spol VB activity could be regulated by a change in pH within this space that occurs
just after membrane fusion. This would ensure proper timing of proteolysis, and that
SpolIQ and SpolVFA would not be cleaved until after membrane fusion. We tested the
efficacy of SpolVB in cleaving SpollQ at various pH conditions, and in different pH
buffers. It was found that SpolVB can effectively cleave SpollQ in a wide-range of pH
conditions and in multiple buffers. A pH change within the intermembrane space is thus

judged unlikely to control SpolVB activity.
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ii. Introduction
a. The Spol VB serine protease

Spol VB is a serine protease responsible for proteolysis of SpollQ and SpolVFA
as part of the forespore checkpoint for ¢* activation. It is a secreted protease from the
forespore whose transcription is upregulated by 6 following engulfment [12,13].
SpolVB has a PDZ-domain involved in protein-protein interaction and self-cleavage, and
a DxxLL motif at position 363 forming a catalytic triad [12]. After membrane fusion,
Spol VB is secreted into the intermembrane space where it undergoes self-cleavage into 3
distinct active species, and then cleaves both SpollQ and SpolVFA (Figure 7) [1,12].
Cleavage of SpolVFA by SpolVB leads to the regulated intramembrane proteolysis (RIP)
of pro- 6%, causing the release of active 6™ into the mother cell [1]. The 6* processing
complex is localized to the outer forespore membrane by SpollQ [1]. If proteolysis were
to occur before membrane fusion, normal signal transduction and 6* activation may not
be possible. It is interesting then to know the mechanism by which SpolVB activity is

regulated.

b. pH regulation in bacteria

pH regulation of proteins in bacteria and eukaryotes is a common theme. Many
proteins and genes are regulated by pH in E. coli, including those used for flagellar
motility, amino acid catabolism, and oxidative stress [3-5]. Other examples of proteins
that are regulated by pH include insulin [7], the neonatal Fc receptor [8], ribonuclease A
[9], and myoglobin [10]. Protein conformation and activity can be controlled by pH

through protonation, changing substrate binding capabilities, catalytic activity, or protein-
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protein interactions [11]. A Lactobacillus Histidine decarboxylase (HDC) is important
for optimal cell growth. This enzyme converts histidine to histamine and CO, and the
histamine is utilized in an energy-producing reaction. The protein’s tertiary structure is
regulated by pH: it is active at low pH and inactive at neutral to alkaline pH. At high pH,
the protein’s substrate-binding pocket is destroyed, while at low pH, it is believed that it
is stabilized through protonation [6]. In light of these various examples, it was suggested
that Spol VB’s protein conformation, activity in the intermembrane space, and cleavage
of substrate proteins SpollQ and SpolVFA, may be regulated by a pH change in the
intermembrane space that occurs after membrane fusion. This mechanism would thus
temporally regulate proteolysis of SpollQ and SpoIVFA, protecting them until after
membrane fusion is complete. To test this hypothesis, we performed protease activity
assays utilizing purified SpolVB protein and analyzed its activity under various buffer

and pH conditions.
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iii. Results and Discussion
a. Finding a reliable assay for SpolVB protease activity

To have a general test for Spol VB protease activity, in vitro protease assays
(Materials and Methods) were performed in various buffers and pH conditions. Samples
were run on an SDS-PAGE gel and visualized using various methods. We initially
utilized a FITC-labeled casein substrate with purified SpolVB (Materials and Methods)
and visualized the fluorescent bands on a Typhoon scanner. While able to see a
breakdown product, this system was not always reliable and results fluctuated. We tried
using a beta-casein substrate and visualized the gel bands through Purple staining
(Materials and Methods), using the Typhoon scanner once again. Breakdown products
resulting from cleavage of the substrate by SpolVB were observed (Data not shown).
This method seemed reliable, but Purple staining is both time-consuming and costly. In
addition, protease assays with these substrates required high concentrations of SpolVB,
and our supply of this enzyme was extremely limited. In response to these factors, we
searched for other methods for testing SpolVB’s cleavage effectiveness.

While we could see that SpolVB could cleave various substrates in vitro (data not
shown), these experiments would not answer the question of SpolVB’s cleavage
effectiveness with in vivo substrates. We thus decided to use an actual in vivo substrate
of SpolVB, SpollQ, with a GST-tag. The samples were visualized through Western
blotting (Materials and Methods) using anti-SpollQ antibodies with a fluorescent
secondary antibody. The Typhoon scanner was used to visualize fluorescence. With this

method, transfer was an issue, as GST is fairly large and does not transfer well. Also, it
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was not possible to see any SpollQ breakdown products. We searched again for a
reliable test for SpolVB cleavage.

Success finally came utilizing the GST-SpollIQ substrate and Purple staining.
Although costly, Purple stain allows fluorescent visualization of all proteins in a gel.
Since our in vitro assays contained only purified proteins, GST-SpollQ and Spol VB, this
is actually helpful (this would be troublesome if one were using whole cell lysate). Also,

we circumvent problems relating to transfer and other steps of Western blotting.

b. Effects of pH and buffer on SpolVB activity

In vitro protease assays with SpolVB and GST-SpollQ were performed as
described (Materials and Methods). Samples on the gel were visualized by Purple
staining and a fluorescence scan on a Typhoon scanner. Four different buffers were used
each at four different pH’s close to the optimal pH range for each buffer.

Spol VB protease activity was first tested in Sodium Acetate at pH 4 through pH
7. A GST-SpollQ cleavage product accumulated over time at pH 5-7 (Figure 1). Sodium
phosphate buffer was then used at pH 5 through pH 8. A cleavage product of GST-
SpollQ accumulated at all pH levels (Figure 2). In Tris-HCI at pH 6 through pH 9, the
GST-SpollQ cleavage product again accumulated at all pH levels (Figure 3). Finally, we
tested Glycine-NaOH at pH 7 through pH 10. The GST-SpollQ cleavage product
appeared in all pH levels (Figure 4). In all samples that showed a cleavage product of
SpollQ, there was also noticeable degradation of the full-length protein. It is thus

believed that Spol VB can cleave GST-SpollQ in all of the above listed conditions.
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To be certain that this cleavage was due to SpolVB proteolysis of GST-SpollQ,
and not to any other factor, protease, or contaminant present in the buffer, in vitro
protease assays were performed in all conditions and buffers listed above, except only
GST-SpollQ was added to the reaction, and SpolVB was left out. The GST-SpollQ only
results show that there is no accumulation of breakdown product in any buffer at any pH
range (Figures SA-5D). We also used a highly purified SpolVB protein (Materials and
Methods) to confirm this result. To be certain that SpolVB could actually cleave GST-
SpollQ, and to make sure no other proteases were present, a protease assay was run using
high-purity SpoIVB and GST-SpollQ in Tris-HCI, pH 8 (to simulate optimal conditions).
It was found that SpoIVB can indeed cleave SpollQ and that our results weren’t due to

any contaminant (Figure 6).

c¢. Discussion: SpolVB protease activity is not pH dependent

From the results shown above, it can be seen that SpolVB is able to cleave GST-
SpollQ in a wide range of pH and buffer conditions. SpolVB is active in a pH range of
5-10. Since SpolVB is responsible for cleavage of both Spol VFA and SpollQ, it is
advantageous for it to have activity and proper protein folding in varying conditions.
This helps to ensure that reactions that occur as a result of SpolVB proteolysis, such as
6" activation, occur even if conditions change slightly in the intermembrane space.
SpolVB appears to have the highest protease activity at pH 6-9 in either Tris-HCI or
Glycine-NaOH. It is likely that these conditions best simulate those in the
intermembrane space. This result gives insight as to what actual cellular conditions are in

this tiny compartment. Although pH obviously does not play a role in regulating SpolVB
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activity, we have helped characterize [VB preferences and expanded our knowledge of

this system.
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iv. Materials and Methods
a. Spol VB protein purification

BL21 (DE3)/pZR53 (SpolVB-Hise) was grown in LB ampicillin (100pg/ml)
media, and expression of SpolVB-Hiss was induced by 1mM isopropyl 1-thio-p-D-
galactopyranoside for 1hr at 30°C. Cells were washed by buffer D (20 mM Tris-HCI (pH
8.0), 150 mM NaCl) and disrupted by sonication. After removing debris by
centrifugation, cell lysate was added to a nickel affinity column (Sigma) equilibrated in
buffer D. The column was washed with buffer D plus 20 mM imidazole and eluted with
300 mM imidazole in the same buffer. Eluted protein was then dialyzed in buffer D. To
get Spol VB protein of extremely high purity, this same process was followed and, after
dialysis, protein was loaded on a Hi-Trap Q (Amersham Biosciences) anion-exchange
chromatography column previously equilibrated in buffer D. Flow-through fractions that
included SpolVB-Hiss were collected and then loaded onto a Hi-Trap SP (Amersham
Biosciences) cation-exchange chromatography column previously equilibrated in buffer
D. SpolVB-Hiss was eluted by a sodium chloride gradient (0-1M) in buffer D. High-

purity protocol was performed by Shinobu Chiba [1].

b. In vitro protease assay

GST-SpollQ and SpolVB purified proteins (or SpollQ alone) were added in 2.6
to 1.0 concentrations to 1.5ml Eppendorf tubes containing 30mM buffer (Sodium
Acetate, Sodium Phosphate, Tris-HCI, or Glycine-NaOH) at a specific pH (ranging from
4 to 10). Final concentrations of SpollQ and SpolVB were approximately 0.18pg/ul and

0.07ug/pl, respectively, in a total 60ul reaction. Samples were mixed on ice to prevent
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premature activity. 10ul aliquots were added to each of five new Eppendorf tubes
labeled t0, t30, t1, t2, and t3. These values correspond to the reaction incubation time,
with t30 being 30 minutes and the other values being time in hours. Samples were
incubated at 37°C for their respective times. To stop the reaction at each time point, 10ul
of 2X SDS (sodium dodecyl sulfate) containing 4 mM DTT (dithiothreitol) was added to
each tube. After this, 2ul of 1M Tris-HCI pH 8.0 was added to the respective tube to
assure proper pH for SDS-PAGE. Samples were boiled at 80°C for 10 minutes and then
applied to a 12.5% gel for SDS-PAGE. Reactions using high-purity SpolVB and SpollQ
followed mostly the same procedure. The changes are as follows: 150mM NaCl was
added to the buffer. 20ng/ul of GST-SpollQ was used either by itself, or with a 1:4 or
1:8 dilution of highly-purified SpoIVB. The only buffer used was Tris-HCI pH 8.0 All

other conditions are as above.

c. Purple staining and visualization

The resulting protein gels (four in this case) were first fixed overnight in 7.5%
acetic acid with 10% Methanol at room temperature. (New, rinsed, clean gloves and a
clean glass dish were used for handling the gel and fixation, as any particles that get on
the gel may stain and result in a high-background picture). The gels were then washed in
500ml wash solution (35mM NaHCO; and 300mM Na,COs) for 30 minutes. Gels were
then stained in Nanopure water containing a 1:200 dilution of Deep Purple Total Protein
Stain (Amersham) for one hour (kept in the dark for each step starting here). The gels
were then washed two separate times for 15 minutes in 7.5% acetic acid and then scanned

for fluorescence on a Typhoon scanner.
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d. Western blotting

After SDS-PAGE, proteins were transferred to PVDF [2], blocked with 5% nonfat
dry milk in PBS-0.5% Tween-20, and probed with a 1:3000 dilution of rabbit polyclonal
anti-SpollQ antibodies. A 1:2000 diluted anti-rabbit Cy5 or Cy3 fluorescent secondary
antibody was then used and membranes were visualized for fluorescence on a Typhoon

scanner.

e. Typhoon scanner range calibration

After scanning a Purple stained gel containing multiple serial dilutions of SpollQ
purified protein, bands were quantified using ImageQuant software and band intensities
were graphed in Microsoft Excel to assess the scanner’s linear range. Reactions were
adjusted to proper concentrations to reflect this range and assure accurate scans.
Conditions for scanning Purple stained gels were as follows: A green laser (532nm) was
used for excitation with emission of 560LB or 610BP (457 or 488nm) scanning at

450PMT.
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v. Figures

IVB/IIQ pH 4 IVB/IQ pH 5 IVB/IIQ pH 6 IVB/IIQ pH 7

to 05 1 2 3 t0 05 1 2 3 t0051 2 3 t005 1 2 3

-----—-----—-——---- -—

e — — e —

Figure 1. SpolVB activity in Sodium Acetate
A cleavage product of GST-SpollQ accumulates (bottom of gel) at pH 5-7 in Sodium
Acetate. There is also a decrease in the full-length SpolIQ band (top of gel).
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IVB/IIQ pH 5 IVB/IIQ pH 6 IVB/IIQ pH 7 IVB/IIQ pH 8

to 051 2 3 0051 2 3 0051 2 3 t005 1 2 3

Figure 2. SpolVB activity in Sodium Phosphate
A cleavage product of GST-SpollQ accumulates (bottom of gel) at pH 5-8 in Sodium
Phosphate. There is also a decrease in the full-length SpolIQ band (top of gel).
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IVB/IIQ pH 6 IVB/IIQ pH 7 IVB/IIQ pH 8 IVB/IIQ pH 9

to 051 2 3 t 051 2 3 t 051 2 3 t0 051 2 3
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— E— — — = —— — - e E— W WS W WD — — —

Figure 3. SpolVB activity in Tris-HCI
A cleavage product of GST-SpollQ accumulates (bottom of gel) at pH 6-9 in Tris-HCI.
There is also a decrease in the full-length SpolIQ band (top of gel).
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IVB/IIQ pH 7 IVB/IIQ pH 8 IVB/IIQ pH 9 IVB/IIQ pH 10

to 05 1 2 3 ¢ 051 2 3 t 051 2 3 t 05 1 2 3
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Figure 4. SpolVB activity in Glycine-NaOH
A cleavage product of GST-SpollQ accumulates (bottom of gel) at pH 7-10 in Glycine-
NaOH. There is also a decrease in the full-length SpolIQ band (top of gel).
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A. Sodium Acetate
11Q pH 4 1IQ pH 5 1IQ pH 6 11Q pH 7

t0o 05 1 2 3 t 051 2 3 t o051 2 3 t0 051 2 3

T — —— — — — — — — — — — — — — —— — — —

B. Sodium phosphate
1IQ pH 5 1IQ pH 6 11Q pH 7 11Q pH 8

to 05 1 2 3 t 051 2 3 t0 o051 2 3 t 051 2 3

T — —— — — — — — — — — — — — — —— — — —

C. Tris-HCI1
1IQ pH 6 1IQ pH 7 1IQ pH 8 11Q pH 9
t0 05 1 2 3 t0 05 1 2 3 t0 05 1 2 3 t0 05 1 2 3

— — — — — — — — — — —— — — —

D. Glycine-NaOH
1IQ pH 7 1IQ pH 8 1IQ pH 9 1IQ pH 10

to 05 1 2 3 t0 05 1 2 3 t0 05 1 2 3 t 05 1 2 3

. — — — —— — — —— — — — —— — — — — —

Figure 5. GST-SpolIQ in pH buffers

Adding only GST-SpollQ to the reactions in all above conditions, no cleavage product
accumulates. There is also no decrease of the full-length SpollQ band. Thus, there are
no protease contaminants in any of our buffers.
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Protease : Substrate 1:8 Protease : Substrate 1:4 SpolIQ only 20ng/ul

t0 05 1 2 3 t 05 1 2 3 t0 05 1 2 3

e

Figure 6. Cleavage of GST-SpolIQ by SpoIVB

Utilizing highly-purified SpolVB and GST-SpollQ in two different ratios, it can be seen
that a cleavage product of SpollQ accumulates (bottom of gel). In the absence of the
SpolVB protease (SpollQ only, far right of gel), SpollQ is not cleaved and no cleavage
product accumulates.
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Figure 7. The forespore checkpoint

After engulfment, 6© leads to upregulation of spolVB causing high levels of SpoIlVB
protein to accumulate. SpolVB is secreted into the intramembrane space (between the
mother cell and forespore) and cleaves Spol VFA. This cleavage relieves the BofA-
mediated inhibition of SpolVFB. SpolVFB then executes regulated intramembrane
proteolysis (RIP) of pro- 6* into active 6, which is released into the mother cell. (It is
believed that after cleavage of FA by SpoIVB, another protease, CtpB, cleaves FA and
BofA.) Modified with permission from [1].
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Strain Genotype Source
PY79 Wild Type (3)
KP 8 spollD::Tn917(mls) Lab Stock
KP 47 AspollD::cat Lab Stock
KP 468 AspolVB::spc (2)
KP 575 AspollQ::spc (1)
ECE 74 cat::spc Lab Stock
ECE 80 mls::spc Lab Stock
spollD298, AbofA::cat::tet, thrC:.cotD-lacZQmls,
ALD 34 AspolVFABQcat, amyE::spolVFABQkan Lab Stock
ALD 40 spollD298, thrC::cotD-lacZQmls, AspolVFABQcat Lab Stock
ALD 63 thrC::cotD-lacZQmls, AspolVFABQcat Lab Stock
spollD298, AbofA::cat::tet, thrC::cotD-lacZQmls,
ALD 167 AspolVFABQcat, amyE::spolVFA-S80L (bof8)-FBQkan Lab Stock
spollD298, AbofA::cat::tet, thrC::cotD-lacZQmls,
ALD 246 AspolVFABQcat, amyE::.spolVFA-FB-S260GQkan Lab Stock
AbofA::cat::tet, thrC::cotD-lacZQmls, AspolVFABQcat,
ALD 270 amyE::spolVFABQkan Lab Stock
AbofA::cat::tet, thrC::cotD-lacZQmls, AspolVFABQcat,
ALD 271 amyE::spolVFA-FB-S260GQkan Lab Stock
ALD 275 thrC::cotD-lacZQmls, AspolVFABQcat, amyE::spolVFABQkan Lab Stock
spollD298, thrC::cotD-lacZQmls, AspolVFABQcat,
ALD 288 amyE::spolVFABQkan Lab Stock
thrC::cotD-lacZQmls, AspolVFABQcat, amyE::spolVFA-FB-
ALD 312 S260GQkan Lab Stock
ALD 332 AspolVFABQcat::tet, amyE::spolVFA-FB-S260GQkan Lab Stock
ALD 334 AspolVFABQcat::tet, amyE::spolVFA-FB-S260EQkan Lab Stock
thrC::cotD-lacZQmls, AspolVFABQcat, amyE::spolVFA-
ALD 358 S80L (bof8)-FBQkan Lab Stock
spollD298, thrC::cotD-lacZQmls, AspolVFABQcat,
KCB 16 amyE::spolVFA-FB-S260GQkan This study
spollD298, thrC::cotD-lacZQOmls, AspolVFABQcat,
KCB 17 amyE::spolVFA-FB-S260EQkan This study
spollD298, thrC::cotD-lacZQmls, AspolVFABQcat,
KCB 18 amyE::spolVFA-S80L(bof8)-FBQkan This study
AbofA::cat::tet, thrC::cotD-lacZQmls, AspolVFABQcat,
KCB 19 amyE::spolVFA-S80L (bof8)-FBQkan This study
KCB 20 AspollD::cat::spc This study
KCB 21 spollD::Tn917(mls)::spc This study
AspollQ::spc, thrC::cotD-lacZQmls, AspolVFABQcat,
KCB 22 amyE::spolVFA-S80L (bof8)-FBQkan This study
AspollQ::spc, thrC::cotD-lacZQmls, AspolVFABQcat,
KCB 23 amyE::spolVFABQkan This study
AspollQ::spc, thrC::cotD-lacZQmls, AspolVFABQcat,
KCB 24 amyE::spolVFA-FB-S260GQkan This study
AspollQ::spc, AbofA::cat::tet, thrC::cotD-lacZQmls,
KCB 25 AspolVFABQcat, amyE::spolVFA-S80L (bof8)-FBQkan This study
AspollQ::spc, AbofA::cat::tet, thrC::cotD-lacZQmls,
KCB 26 AspolVFABQcat, amyE::spolVFABQkan This study
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AspollQ::spc, AbofA::cat::tet, thrC::cotD-lacZQmls,

KCB 27 AspolVFABQcat, amyE::spolVFA-FB-S260GQkan This study
AspollD::cat::spc, thrC::cotD-lacZQmls, AspolVFABQcat,

KCB 28 amyE::spolVFA-S80L (bof8)-FBQkan This study
AspollD::cat::spc, thrC::cotD-lacZQmls, AspolVFABQcat,

KCB 29 amyE::spolVFABQkan This study
AspollD::cat::spc, thrC::cotD-lacZQmis, AspolVFABQcat,

KCB 30 amyE::spolVFA-FB-S260GQkan This study
spollD::Tn917(mlis)::spc, thrC::cotD-lacZOmils,

KCB 31 AspolVFABQcat, amyE::spolVFA-S80L (bof8)-FBQkan This study
spollD::Tn917(mls)::spc, thrC::cotD-lacZOmls,

KCB 32 AspolVFABQcat, amyE::spolVFABQkan This study
spollD::Tn917(mls)::spc, thrC::cotD-lacZQmls,

KCB 33 AspolVFABQcat, amyE::spolVFA-FB-S260GQkan This study
spolID::Tn917(mls)::spc, AbofA::cat::tet, thrC::cotD-lacZQmils,

KCB 34 AspolVFABQcat, amyE::spolVFA-S80L (bof8)-FBQkan This study
spolID:: Tn917(mls)::spc, AbofA::cat::tet, thrC::cotD-lacZQmls,

KCB 35 AspolVFABQcat, amyE::spolVFABQkan This study
spolID::Tn917(mls)::spc, AbofA::cat::tet, thrC::cotD-lacZQmls,

KCB 36 AspolVFABQcat, amyE::spolVFA-FB-S260GQkan This study
AspollD::cat::spc, AbofA::cat::tet, thrC::cotD-lacZQmls,

KCB 37 AspolVFABQcat, amyE::spolVFA-S80L (bof8)-FBQkan This study
AspollD::cat::spc, AbofA::cat::tet, thrC:.cotD-lacZQmls,

KCB 38 AspolVFABQcat, amyE::spolVFABQkan This study
AspollD::cat::spc, AbofA::cat::tet, thrC::cotD-lacZOmls,

KCB 39 AspolVFABQcat, amyE::spolVFA-FB-S260GQkan This study





