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ABSTRACT

ANALYSIS OF THREE NEGATIVE EFFECTS IN THE MOTHER CELL
REGULATORY NETWORK OF SPORULATING BACILLUS SUBTILIS

By
Lijuan Wang

During sporulation of Bacillus subtilis, four regulatory factors act in the order of o~,
SpollID, X, and GerE, to temporally control gene expression in the mother cell. SpoIlID
and GerE are small sequence-specific DNA-binding proteins that activate or repress
transcription of many genes. There are three negative regulatory links between different
components, adding complexity to the network. First, transcriptionally active oX RNA
polymerase inhibits early gene transcription, reducing SpoIlID late in sporulation. Second,
GerE down-regulates cX by binding to the sigk promoter. Third, repression by SpoIlID
causes cotC to be expressed at least one hour later than other cot genes, such as cotB and
cotD.

In this study, to understand the importance of the negative effects in the mother cell
regulatory network of sporulating B. subtilis, we showed that by maintaining SpolIID at a
higher level late in sporulation, less heat- and lysozyme-resistant spores are produced.
Transmission electron microscopy showed structural defects in the spore coat. Reporter
fusions to the oX-dependent gerE, cotD, and cotC promoters showed altered expression
patterns. Interestingly, the expression patterns and spore resistance properties were restored
when GerE negative regulation of sigK was simultaneously eliminated. On the other hand,
eliminating only GerE negative regulation of sigK (without maintaining SpollID at a higher
level late in sporulation) caused no defect in spore resistance properties, and a different

pattern of altered reporter fusion expression. A strain engineered to express cotC two hours



earlier than normal during sporulation showed no defect in spore resistance properties.
These results demonstrate that the B. subtilis mother cell regulatory network was robust to
the perturbations we tested in terms of the number of resistant spores produced, although
maintaining SpolIID at a higher level late in sporulation caused a defect that was reversed
by eliminating GerE negative regulation of sigK. The mechanism of this suppression can
be rationalized in terms of the opposing effects of 6 RNA polymerase and SpollID on
expression of genes late in sporulation.

Spore coat protein analysis revealed no significant differences between the strains
that are constructed for the study of negative effects and wild-type B. subtilis, although
some of the engineered strains showed defects in spore resistance properties. This implies
that structural, not compositional, differences cause the spore defects.

In order to elucidate the mechanism by which 6X RNA polymerase negatively feeds
back on earlier gene expression, a genetic screen was carried out to identify possible
intermediate genes. Eleven candidates were identified. Among them, 16S rRNA was
identified twice by independent transposition events. Most of the candidate genes affect
metabolic pathways, implying a connecting between the regulation of spollID expression
by the 6 RNA polymerase negative feedback loop and metabolism of the sporulating cell.

A preliminary study revealed that the level of aconitase, which can bind to gerE
mRNA for GerE and affect GerE synthesis, is different when cells are induced to sporulate
by resuspension in starvation medium rather than by nutrient exhaustion in growth
medium. This may explain the observation that the spore defect caused by persistence of
SpollIID late during sporulation can only be observed when cells are induced to sporulate

by resuspension, but not by nutrient exhaustion.
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INTRODUCTION



The gram-positive bacterium Bacillus subtilis undergoes a process called sporulation in
order to survive during nutrient limitation. During sporulation, two compartments, a larger
mother cell compartment and a smaller forespore compartment, are formed. Each
compartment contains a complete copy of chromosomal DNA. In the mother cell of
sporulating B. subtilis, a regulatory network controls sequential gene expression. Four
regulatory factors, in the order o, SpollID, ¢* and lastly GerE, are major players in this
network. Three negative links exist in this regulatory network and their importance was
unknown.

Chapter I provides a literature review of the relevant background regarding the process
of sporulation, properties of the spore formed after sporulation, theory and studies on
developmental transcriptional regulatory networks.

Chapter II presents the results of a study designed to understand the significance of one
of the negative links in the sporulating mother cell, that is, the importance of o RNA
polymerase (RNAP) negative feedback on earlier gene expression. This negative effect
results in reduced accumulation of SpollID late during sporulation. A strain in which the
SpollID level is maintained late during sporulation was constructed by fusing spollID to
the o®-controlled gerE promoter on a multicopy plasmid. This strain showed spore defects
in heat- and lysozyme-resistance. Reporter fusions to gerE, cotC and cotD, which are
expressed late in the mother cell, showed altered expression patterns compared to wild type
and control strains. Although a quantitative germination assay showed no significant defect
of the spores formed by the strain with SpollID maintained late during sporulation, thin-

section transmission electron microscopy revealed structural defects of the spores. These



results suggest that 6 RNAP negative feedback at least partially relies on fine-tuning of
the SpolIID level in order to allow normal spore formation.

Chapter III discusses a perturbation study of the mother cell regulatory network, in
which one or two negative links were removed at the same time during sporulation. GerE
represses sigK transcription. A strain with site-directed mutations in the sigk' promoter
eliminated this GerE negative feedback. This strain did not show spore resistance or
germination defects. However, when a strain was constructed that both maintained SpoIlID
late during sporulation and eliminated the GerE negative feedback, it sporulated normally,
demonstrating suppression of the spore resistance defects caused by only maintaining the
SpolIID level late during sporulation. Reporter assays showed opposing effects of these
two perturbations, suggesting that one change to the mother cell regulatory system can be
compensated for by a second perturbation.

Chapter IV presents the results of a genetic screen designed to identify intermediates in
the 6 RNAP negative feedback loop. Eleven candidates were identified. Among them,
16S rRNA seems to be most interesting and further investigation is proposed.

Appendix I document the results of spore coat protein analysis of all the strains studied
in Chapter II and Chapter III. No significant difference was found between any of the
strains and wild-type B. subtilis. Appendix II shows that the level of aconitase when cells
are induced to sporulate by resuspension in SM medium than by nutrient exhaustion in
DSM. This result provides a possible explanation for the observation in Chapter II that
strain with late persistence of SpollID exhibits spore defects upon induction by

resuspension, but not by DSM. Appendix III shows that in a B. subtilis strain containing



P,yi-sigE, whether the sigE expression is successfully induced or not is inconclusive based
on western blot analyses.

The summary and perspectives summarizes the significance of the results and sheds
light on future directions toward a better understanding of the mother cell regulatory

network during sporulation of B. subtilis.



CHAPTERI: Literature Review



In developmental biology, questions of how cells generate distinct cell types by utilizing
different gene expression programs and how different cells communicate with each other to
ensure proper development are of fundamental significance. As one of the best-studied
gram-positive organisms, B. subtilis provides an ideal model system to address these
questions experimentally. Also, the transcriptional regulatory network, which responds to
stimuli during sporulation of B. subtilis provides a powerful model for studies of signal
transduction and gene regulation (Kroos. 2007; Piggot and Hilbert. 2004). Therefore,
sporulation of B. subtilis has been intensively studied during the last several decades.

When sensing nutrient limitation, such as carbon or nitrogen depletion (White. 1999),
B. subtilis, at a high enough cell density, will initiate a developmental process called
sporulation that culminates in the formation of a dormant spore (Dawes and Mandelstam.
1970; Coote. 1972; Burbulys, et al. 1991; Lazazzera and Grossman. 1998). The spore is
resistant to many kinds of extreme environments such as heat, UV light, lysozyme, and
chemicals. As a result, the spore can survive in harsh environments, preserving the ability
to germinate when nutrients are available, and resume as a vegetative cell.

Overview of Morphological Stages of Sporulation and Cell-specific ¢ Factors

The morphological stages of sporulation are illustrated schematically in Figure 1.1.
Successive stages are identified by Roman numerals. The vegetative cell of B. subtilis is
designated as Stage 0. The first morphological change after the initiation of sporulation is
the formation of an axial filament of chromatin, which is designated as Stage 1. During this
stage, two copies of the chromosome from the last round of DNA replication condense and
elongate to form a filament that spans across the cell’s long axis, with the origin of each

chromosome near to one pole of the rod-shape cell. A DNA replication checkpoint ensures



that two copies of the chromosome are present before cell division (Burkholder, et al.
2001). Stage II of sporulation is designated as the completion of septation. The cell is
divided asymmetrically by a structure called the septum, resulting in a larger compartment
called the mother cell and a small compartment called the forespore. Approximately one-
third of one copy of the chromosome is present in the forespore, while the other two-thirds
are quickly pumped into the forespore by a DNA translocase, SpollIE. ¢" is activated in the
forespore shortly after the completion of the asymmetric cell division. A o -controlled
signal from the forespore triggers the activation of o in the mother cell. Stage III is defined
as the completion of engulfment of the forespore. During this stage, the asymmetric septum
undergoes septal thinning, migrates around both sides of the forespore and engulfs the
forespore. When the migration is complete, the forespore is pinched off and released into
the mother cell as a free-floating protoplast. Two membranes are surrounding the
forespore, each derived from one of the two cells. o° is activated in the forespore after the
completion of engulfment. Then ¢© and ¢" dependent signals from the forespore trigger the
activation of ¥ in the mother cell. Stage IV is complete when two peptidoglycan layers are
deposited in between the two membranes surrounding the forespore, forming the germ cell
wall and cell-wall-like material called cortex. The cortex renders the spore heat-resistant
since it attains and also maintains the dehydrated state of the spore. During Stage V and VI,
more than 60 spore coat proteins are synthesized and deposited onto the outside surface of
the forespore. Maturation of the spore is achieved by gaining resistance to UV light and

high temperature. UV resistance is due to the coating of the chromosomal DNA with a



Fig. 1.1. The morphological stages during sporulation of B. subtilis. The stages are
designated by Roman numerals. The wavy circles represent chromosomal DNA. The
sporangia are surrounded by cytoplasmic membrane (inner thinner circle) and cell wall
(outer thicker circle). The cortex is indicated by the gray color in stages IV-VII and the
spore coat by black in stages V-VII. Four sporulation-specific sigma factors become to be
active in the mother cell or the forespore during different stages of sporulation as shown.

Adapted from the Dissertation of H. Ichikawa, 2000. See text for references.
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group of small acid-soluble proteins (SASP) and condensing the genome into a doughnut-
like structure. Finally, at Stage VII, the mother cell lyses and releases the mature spore into
the environment. The whole process of sporulation takes about six to ten hours in
laboratory situations. The complex morphological changes during sporulation are
accurately controlled by different ¢ factors, which bind to core RNAP sequentially during
sporulation (Haldenwang. 1995; Stragier and Losick. 1996; Piggot and Hilbert. 2004).
Initiation of Sporulation

Factors that trigger sporulation include nutrient starvation, such as carbon or nitrogen
resource limitation, DNA damage, high cell density, and the Krebs cycle (Trach and Hoch.
1993; Burkholder and Grossman. 2000; Perego and Hoch. 2002). SpoOA is the master
regulator that controls entry into sporulation. Activation of SpoOA involves a phosphorelay,
a more complex version of a two-component signal transduction system (Burbulys, et al.
1991). At least five kinases, KinA through KinE, are involved in the phosphorelay process.
In response to unknown stimuli, the kinases first autophosphorylate themselves and then
transfer the phosphate groups to SpoOF. SpoOF is an intermediate that donates its phosphate
group to Spo0A, in a reaction catalyzed by a phosphetransferase Spo0B. KinA and KinB
are the two primary kinases that are responsible for the phosphorelay. Negative effects
from SpoOE and Rap protein regulators exist. They dephosphorylate SpoOA to regulate the
initiation of sporulation. Spo0OA-PQ;, activates genes whose products are responsible for
axial filament formation and for asymmetric division. ¢* and o" are required for

transcription of relevant genes at the initiation of sporulation (Hilbert and Piggot. 2004).
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Efficient sporulation requires extracellular conditions such as high cell density and
nutrient starvation. Blocking of the initiation or elongation of DNA replication, executed by
a suppressor of dnaA, Sda, prevents initiation of sporulation (Burkholder, et al. 2001).

Approximately 121 genes are directly controlled by the activation of SpoOA through
phosphorelay. Of them, about one-third are positively regulated and the remaining are
negatively regulated. Twenty-five of them are transcription factors, so Spo0OA also plays an
role in transcriptional changes at the initiation of sporulation (Hilbert and Piggot. 2004).
Asymmetric Division of the Cell and Segregation of the Chromosome

One characteristic that distinguishes sporulation from vegetative cell division is the
formation of an axial filament, which was identified first by electron microscopy (Aronson
and Fitz-James. 1976) and then by fluorescence microscopy (Bylund, ez al. 1993). The fact
that a mutant failing to form an axial filament does not start asymmetric division suggests a
checkpoint on cell division at the level of axial filament formation (Graumann and Losick.
2001). DivIVA (Graumann and Losick. 2001; Thomaides, et al. 2001), RacA (Ben-
Yehuda, ez al. 2003; Wu and Ermrington. 2003) and Soj (Ben-Yehuda, et al. 2003; Wu and
Errington. 2003) are reported to be involved in axial filament formation. Once the axial
filament is formed, asymmetric division is triggered by the relocation of the chromosomal
origins to the poles of the cell. During asymmetric cell division, a prokaryotic tubulin
homologue FtsZ forms a Z-ring that locates initially at mid-cell. The Z-ring is then
redeployed to each pole of the cell through an intermediate helical structure (Ben-Yehuda
and Losick. 2002). However, a complete septum is normally formed at only one pole of the
cell. The prevention of a secondary polar septum is accomplished by the o"-controlled

proteins SpolID, SpolIM and SpolIP (Pogliano, ef al. 1999; Eichenberger, ef al. 2001). The
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determination of which end of the cell forms the polar septum seems to be related to the
age of the cell poles. Almost all forespores are formed at the older pole of the cell, but this
can be disturbed by centrifugation at about 5,000 g and with 25 mM Mg”* (Dunn. 1977).

When the asymmetric septum is formed in a sporulating B. subtilis cell, it only traps
about one-third of the origin-containing part of the chromosome in the forespore
compartment, leaving approximately two-thirds in the mother cell (Wu and Errington.
1998). This genetic asymmetry is important for transient spatial gene expression in the
forespore (Frandsen, et al. 1999; Dworkin and Losick. 2001). The origin-distal two-thirds
of the chromosome left in the mother cell is transported by a DNA translocase, SpollIE
(Wu and Errington. 1998). The question of why DNA is only translocated from the mother
cell to the forespore, but not the reverse direction, remains unaddressed.

Activation and the Role of o in the Forespore

After the asymmetric cell division during sporulation, both the mother cell and the
forespore contain a complete copy of the chromosomal DNA. Different programs control
gene expression in each compartment but communication between the mother cell and the
forespore enable successive o factor activation and couple gene expression in the mother
cell and forespore.

Asymmetric division triggers the activation of of, which is the first o factor that
becomes active in a specific compartment. o is synthesized earlier, but it is held inactive
by the anti-o factor SpollAB until the completion of the polar septum formation, although
it becomes active before the complete partitioning of a chromosome into the forespore(Wu
and Errington. 1994; Frandsen, et al. 1999). The inhibition of active 6* by SpolIAB is

released by the anti-anti-o factor SpollAA. Activation of SpollAA is controlled

12



Fig. 1.2. Activation of ¢". Shown is the network that regulates the activation of o.
Molecules in ovals are the three key determinants for o' activation: the ratio of SpollAA-
PO, to SpollAA, which is determined by the SpollE phosphatase; the concentration of
long-lived SpollAA:SpollABApp complex, which acts as a “sink” for SpollAA and
SpolIAB; and unstable SpollAB combined with transient genetic asymmetry. Adapted

from (Kroos. 2007). See text for details and references.
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by its phosphorylation state: it is active when dephosphorylated by SpollE and inactive
when phosphorylated by SpoIIAB, which works both as a kinase as well as an anti-c factor.

The activation of o’ is coupled with asymmetric cell division and only occurs in the
forespore. The mechanism is still under investigation. SpollIE is proposed as the sensor of
asymmetric cell division and in response activates ¢’. Several SpollE mutants have been
isolated, which are able to activate ¢* independent of asymmetric cell division, but impair
sporulation (Feucht, et al. 2002; Hilbert and Piggot. 2003; Camniol, ez al. 2004).

Dephosphorylated SpolIAA is believed to be sequestered in an inactive complex, called
a “sink”, with SpolIAB and ADP. The “sink” plays important roles in " activation: it
inhibits the activation of o* by sequestering dephosphorylated SpolIAA before cell division
(Carniol, et al. 2004); it may also promote o* activation in the forespore by sequestering
SpolIAB (Lee, et al. 2001; Clarkson, et al. 2004). Structural studies reveal that two
molecules of SpoIIAB form a complex with ¢, but only one SpolIAB molecule binds to ¢©
directly. SpolIAA interacts with the other SpolIAB molecule that does not bind to of and
releases it by steric displacement (Ho, ez al. 2003). The concentration of dephosporylated
SpolIAA is believed to be pivotal. Only when it reaches a threshold in the forespore is ¢
activated (Carniol, et al. 2004; Clarkson, et al. 2004).There are three factors in the
forespore contributing to the activation of o*: the ratio of SpoIIE:SpolIAA (Carmniol, et al.
2004); and the instability of SpoIIAB (Pan, et al. 2001; Dworkin. 2003). The pathway that
regulates the activation of o* is illustrated in Fig. 1.2.

Once activated, o’ facilitates RNAP to transcribe many genes, including spolIR and
spollIG. spolIR encodes a signal protein that is required for o” activation (Karow and

Piggot. 1995; Londono-Vallejo and Stragier. 1995). spollIG encodes the late forespore-
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specific transcriptional factor o (Sun, et al. 1989; Sun, et al. 1991). Activation of o, the
second specialized sigma factor in the forespore, does not occur until the completion of
engulfment (Errington, ef al. 1992; Kellner, ef al. 1996). The o regulon encodes at least
three classes of genes involved in sporulation (Karmazyn-Campelli, et al. 1989),
germination (Paidhungat. 2002), and in protection of the spore from DNA damage
(Fajardo-Cavazos and Nicholson. 2000). In particular, 69 RNAP transcribes spolVB, whose
product is a serine protease that mediates cleavage of SpoIVFA to provide intracellular
signals for pro-cX processing in the mother cell (Dong and Cutting. 2003; Zhou and Kroos.
2005; Campo and Rudner. 2006). 6° RNAP also transcribes bofC, whose product is a
negative regulator of SpoIVB (Gomez and Cutting. 1997; Wakeley, et al. 2000).
Activation and the Role of ¢* in the Mother Cell

oF is the first sigma factor that is activated in the mother cell compartment after
asymmetric cell division. The spolIG operon encodes two genes that are involved in ¢®
formation: spolIGA and spolIGB. spollGA encodes SpollGA, the processing enzyme for
the proteolytic cleavage of pro-c". spolIGB encodes pro-oE, (Kenney and Moran. 1987;
Jonas, et al. 1988) the precursor of of, which is expressed preferentially in the mother cell
(Arabolaza, et al. 2003; Fujita and Losick. 2003) and degraded in the forespore (Ju, et al.
1997; Ju, et al. 1998; Fujita and Losick. 2002). Pro-c® is subjected to proteolytic cleavage
to remove 27 residues at its amino-terminal end to release the active t (LaBell, et al. 1987,
Stragier, ef al. 1988). Time of activation of ¢ in the mother cell is closely linked to the
activation of o' in the forespore. The trigger of processing is o'-controlled SpolIR in the
forespore (Karow and Piggot. 1995; Londono-Vallejo and Stragier. 1995). A strain that

expresses spollR in the predivisional cell rather than the forespore only shows a mild effect

16



Fig. 1.3. The processing of pro-¢*. Shown is a sporangium with a larger mother cell
compartment and a smaller forespore compartment at stage II, just after polar septation.
Pro-o® and SpoIIGA are thought to be associated with both septal membranes. Active ¢
RNAP in the forespore transcribes spolIR, which encodes a signal protein that triggers the
activation of a putative protease, SpolIGA, resulting in processing of pro-c© to active ¢ in
the mother cell. The gene for pro-o* and SpoIIGA are not as highly expressed in the
forespore (Fujita and Losick. 2002) and of made there appears to be degraded by an

unknown enzyme (McBride, ef al. 2005). Adapted from (Kroos, ef al. 1999).
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on spore formation (Zhang, et al. 1996). However, premature expression of spolIG from a
constitutive promoter instead of its native promoter, together with constitutive expression
of spollR, results in early processing of pro-c= and poor sporulation (Fujita and Losick.
2002). The pathway that regulates the activation of o is illustrated in Fig. 1.3.

The o regulon contains 272 genes that are organized in 171 transcription units. Among
them, 262 genes in 163 transcription units are activated by 6" in the absence of SpollID, a
small mother cell specific transcription factor. Fourteen genes in 10 transcriptional units in
the of regulon are repressed by GerR, a recently discovered DNA-binding protein
functioning as a transcriptional factor (Eichenberger, et al. 2004).

There are some important genes in the 6= regulon. The spolID, spolIM and spolIP
genes are important for engulfment and to prevent a second asymmetric cell division in the
mother cell (Rong, et al. 1986; Smith, et al. 1993; Smith and Youngman. 1993; Frandsen
and Stragier. 1995; Pogliano, et al. 1999; Eichenberger, et al. 2001). The spollIA operon is
required for the activation of the late forespore-specific sigma factor o (Illing and
Errington. 1991; Kellner, et al. 1996). The sigK gene encodes the precursor of the late
mother cell-specific sigma factor 6* (Stragier, et al. 1989; Kunkel, et al. 1990). The
spolVCA gene encodes the recombinase that generates sigK through a chromosomal
rearrangement (Kunkel, et al. 1990; Popham and Stragier. 1992; Sato, et al. 1994). The
spollID encodes a small transcription factor important for mother cell gene expression
during sporulation (see below). Finally, gerR encodes another transcription factor that was
recently discovered (Eichenberger, et al. 2004).

Engulfment of the Forespore
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The important morphological event that follows the activation of 6" and o® activation is
engulfment of the forespore by the mother cell. First, the cell wall material of the septum is
lost by an autolytic process. Then, the points where the septal membrane is attached to the
peripheral cell membrane start to migrate toward the forespore pole. Finally, the forespore
is completely engulfed into the mother cell, resulting in a free-floating protoplast (Fig. 1.1)
(Iling and Errington. 1991; Londono-Vallejo, et al. 1997). Proteins that are either
forespore-specific or mother cell-specific are required for engulfment. The spolID
(Abanes-De Mello, et al. 2002), spolIP (Frandsen and Stragier. 1995; Abanes-De Mello, et
al. 2002), spolIM(Smith, et al. 1993), and spollQ (Londono-Vallejo, et al. 1997) mutants
display defects during engulfment and are thought to be involved in the completion of
engulfment.

Activation and the Role of o€ in the Forespore

Completion of engulfment of the forespore by the mother cell triggers the activation of
new compartment-specific sigma factors: o° in the forespore and o in the mother cell. ¢©
is encoded by the spollIG gene, which is transcribed initially by 6© RNAP and later, after
o° activation, by 6° RNAP. The spollIG gene is located right after the spolIG operon in the
genome and is transcribed by both the spollIG promoter as well as the spolIG promoter.
However, the fact that moving spollIG to an ectopic locus does not impair sporulation
suggests that read-through transcription from the spolIG promoter is not critical for ¢°
expression (Sun, et al. 1991). Several factors prevent the activation of ¢° despite read-
through transcription. First, the comparison of [B-galactosidase activities between a
transcriptional and a translational fusion of spollIG-lacZ indicates that very few spolllG

have been translated into 6® (Sun, ef al. 1991). Secondly, SpolIAB functions as an inhibitor
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of 6° activity in vivo and SpolIAB binds to 6° in vitro (Kirchman, et al. 1993; Kellner, et
al. 1996; Serrano, et al. 2004). A B. subtilis strain with mutant 6° showed increased o°
activity only in the mother cell, but not in the forespore. The mutant 6° functions normally _
except it cannot bind to SpolIAB (Kellner, et al. 1996; Serrano, et al. 2004). This result
suggests that SpolIAB prevents o© activation in the mother cell. Transcription of spolllG
requires the activation of o in the mother cell, suggesting a possible signaling pathway
from the mother cell to the forespore (Partridge and Errington. 1993). The expression of
spollIG also depends on the expression of spolIQ in the forespore (Sun, et al. 2000), due to
the relationship between engulfment and activation of o°. Finally, 6%, when it becomes
active, also directs its own transcription (Sun, ez al. 1991). This necessitates tight control of
o© activation.

The mechanism of ¢© activation is unclear to date. The activation of ¢° is subject to
post-translational regulation, which is evident in that both the spolllJ gene and the spolllA
operon are required for o€ activation (Errington, et al. 1992; Kellner, et al. 1996; Illing and
Errington. 1991). Amino-terminal sequencing confirmed that the active form o does not
undergo proteolytic processing like pro-c, suggesting that an unknown negative regulator
holds o° inactive in the forespore. It is speculated that 6®-controlled SpolIlJ modulates the
insertion of membrane proteins such as SpoIlIIAE, one of the eight products of the spolllA
operon, into the forespore membrane, where it functions (Serrano, et al. 2004). All eight
protein products of the spollI4 operon are required for o© activation. They are speculated
to be located in the membranes separating the mother cell and the forespore, possibly

forming a protein complex to translocate unidentified signals from the mother cell to the
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intermembrane space of the forespore. The signals would then release inhibition by the
putative negative regulator of oS.

The o° regulon contains at least 95 genes, including a few regulatory genes and mostly
structural genes for spore formation. A few genes in the ¢° regulon encode metabolic
enzymes (Steil, et al. 2005; Wang, et al. 2006). The metabolic enzymes help in glucose
uptake, glycolysis, or glycine metabolism, although it is believed that most of the energy
and materials required for spore formation at this stage come form the mother cell.
Activation and the Role of ¢*

The production of active o, the last mother cell-specific sigma factor during
sporulation, requires a developmental chromosomal DNA rearrangement, forespore signals
coming from o° controlled genes, and processing of pro-cX.

A chromosomal DNA rearrangement event happens when B. subtilis cells are induced to
sporulate. An approximately 48 kb DNA fragment, called the skin element, is located
between spolVCB and spollIC and is excised by SpoIVCB, which is a Hin family site-
specific recombinase (Popham and Stragier. 1992). The resulting single, composite gene,
sigK, encodes the precursor of ok, pro-cK (Stragier, et al. 1989). Transcription of sigK into
pro-c* by o RNAP in the mother cell starts from about 3 h after the initiation of
sporulation and absolutely depends on SpoIlID (Kunkel, et al. 1988; Kroos, et al. 1989) .

The sigK gene product, pro-c~, is subject to regulated intramembrane proteolysis (RIP)
to generate active 6° (Kroos, et al. 1989; Stragier, et al. 1989) (Yu and Kroos. 2000)
(Rudner, et al. 1999; Zhou and Kroos. 2005). Initiation of RIP requires o%-controlled
SpoIVB coming from the forespore (Gomez, et al. 1995). SpoIVB contains a peptidase

domain and a PDZ domain for protein-protein interaction; both are important for RIP of
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Fig. 1.4. The processing of pro-6*. (A) The upper part shows a mother cell with a
sporangium engulfed into the cytosol. Black ovals represent a protein complex that spans
the double membranes of the forespore and is responsible for pro-c¥ processing. The
lower part shows an enlarged view of the region including the protein complex (not all
components are shown) that spans from the inner forespore membrane (IFM) to the outer
forespore membrane (OFM). SpoIVB, a serine protease is made in the forespore first under
the control of of but its level must be boosted by 6° RNAP. SpoIVB is believed to be
secreted into the space between the IFM and the OFM. It cleaves the C-terminal part of
SpoIVFA, a protector of BofA. (B) BofA exposed after the cleavage of SpoIVFA is
subjected to cleavage by CtpB, a serine protease that is made in the mother cell under the
control of of and in the forespore under the control of oC. (C) SpolVFB, after loss of BofA,
cleaves the N-terminal of pro-oX, releasing o* into the mother cell. Adapted from (Kroos.

2007). See text for references.

23



A\

R,
&
\ 7/

A e

.1

Mother cell \

\\//

-

AN

. 4 - - SpolVFA
1 ) BofA

24

\vpro- o

=
—1)—SpP

——SpolVFB

K

olVFB




pro-c~ (Wakeley, et al. 2000; Hoa, et al. 2001). The SpoIVB-mediated signal transduction
pathway is called “the 6* checkpoint”, which is critical for efficient sporulation (Cutting e
al. 1990). 6®-controlled bofC encodes an inhibitor that inhibits SpoIVB autoproteolysis and
thus pro-o* processing (Gomez and Cutting. 1997).

In the mother cell, three loci are important for pro-o* processing: the of and o*-
controlled ctpB, and the o"-controlled spoIVF bicistronic operon and bof4. The two genes
in the spolVF operon are: spolVFA, which encodes a target protein of SpoIVB,; and
spolVFB, which encodes a membrane-embedded metalloprotease that carries out RIP of
pro-c<. The bofA4 gene encodes an inhibitor of SpoIVFB. The ctpB gene encodes a serine
protease with a PDZ domain, like SpoIVB, and cleaves BofA to release its inhibition of
SpoIVFB (Zhou and Kroos. 2005).

It is proposed that RIP of pro-c® involves a three-step proteolytic cascade in which
SpolIVB first cleaves SpoIVFA, CtpB then cleaves BofA, and finally SpoIVFB cleaves pro-
oX (Zhou and Kroos. 2005). The process of RIP of pro-cX is schematically illustrated in
Fig. 1.4.

o, as the last mother cell-specific sigma factor, acts during stage IV (deposit of cortex)
and stage V (coat formation) of sporulation. X RNAP transcribes 144 genes that are
located in 94 transcription units. Among them, 33 genes in 23 transcription units are
transcribed by both ¢ RNAP and ¢® RNAP (Eichenberger, et al. 2004). ¢ RNAP
transcribes many cot genes such as cot4, cotD, and cotH. It also transcribes gerE, which
encodes the last mother cell specific transcription factor during sporulation (Eichenberger,
et al. 2004).

Transcriptional Regulatory Network in the Mother Cell of Sporulating B. subtilis
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Sporulation is an elaborate process in which gene expression is temporally and spatially
controlled to form a spore. In the mother cell of sporulating B. subtilis, a hierarchical
cascade of four transcription factors, ot, SpollID, oK, and lastly, GerE, sequentially control
compartmental gene expression. Negative effects exist in the sporulating mother cell,
adding complexity to the regulatory cascade and forming a regulatory network. The
significance of these negative links to sporulation was unknown, leading to the research
interests in Chapter II and Chapter III of this Dissertation. Since oF, SpollID and ¢* have
been discussed above, below I introduce the other two important regulatory factors in the
mother cell transcriptional regulatory network, SpollID and GerE.

Appearance and The Role of SpoIlID

SpollID is a small sequence-specific DNA binding protein that binds to DNA
sequences resembling WWRRACAR-Y (W is A or T, R is purine, and Y is pyrimidine)
(Halberg and Kroos. 1994; Zhang, et al. 1997; Ichikawa and Kroos. 2000). The SpollID
protein contains 93 amino acids and has a molecular weight of approximately 10.8 kDa (de
Lencastre and Piggot. 1979; Tatti, et al. 1991). Translation of the mRNA encoding SpoIlID
depends on the translation of a small upstream open reading frame (usd), which is located
in between the promoter and the coding sequence of spollID (Decatur, et al. 1997). The
mRNA for usd-spollID contains an inverted repeat sequence and is predicted to form a
stem-loop structure. The synthesis of SpollID is proposed to require interruption of the
stem-loop by translation through the upstream open reading frame (Decatur, et al. 1997).
Production of SpollID starts at approximately 3 h after the initiation of sporulation, peaks
at about 5 h into sporulation, and drops sharply thereafter (Halberg and Kroos. 1992). The

decrease of SpollID after its peak is believed to be the consequence of active 6X RNAP-
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mediated negative feedback on early gene expression (Zhang and Kroos. 1997) (see
below).

SpollID is predicted to be in the A phage cl superfamily of helix-tumn-helix proteins
(Himes and Kroos.). After spollID is transcribed by of RNAP, SpollID works in
conjunction with o RNAP, and later on 6 RNAP, as both a repressor and an activator to
regulate gene expression in the mother cell of sporulating B. subtilis. As many as 62
transcription units are down-regulated and as least 8 transcription units, including spollID
(an autoregulation loop) and sigK, are up-regulated by SpoIlID (Eichenberger, et al. 2004).
SpollID regulates the appearance of ¥, the last mother cell-specific sigma factor, by at
least two mechanisms. First, SpollID is required for the chromosomal rearrangement to
generate the composite gene (sigK) that encodes pro-oK (Stragier, et al. 1989; Kunkel, et al.
1990). Second, transcription of sigK absolutely depends on SpoIlID (Kunkel, et al. 1988;
Kroos, et al. 1989). Other genes that are regulated by SpollID could have important roles
in sporulation. For example, SpollID negatively regulates a c"—controlled polysaccharide
deacetylase gene homologue (pdaB), which, when mutated, is deficient in spore formation
(Fukushima, et al. 2004). The gene encoding an unusual small protein SpoVM (spoVM) is
activated by SpollID and transcribed by 6 RNAP. SpoVM is required for the asymmetric
cell division and completion of forespore engulfment since it is involved in the formation
of the “Z-ring”. A possible mechanism is that SpoVM, as a substrate of FtsH, can save FtsZ
from degradation by FtsH allowing formation of the “Z-ring” (Srinivasan, et al. 2007,
Zhang, et al. 1997). Potential impact of SpoIIID on sporulation could also be influenced by
the combined action of SpollID and GerE on regulation of some cot genes, such as cotC

and cotX (Ichikawa and Kroos. 2000).
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Appearance and the Role of GerE

GerE is encoded by gerE and is transcribed by 6X RNAP at about 4 h after the initiation
of sporulation. It works as both an activator and a repressor to regulate the mother cell gene
expression. Approximately 36 transcriptional units are down-regulated by GerE, including
the sigK gene. At least 27 transcriptional units are up-regulated by GerE, including the cotC
and cotD genes (Eichenberger, et al. 2004). GerE binds to the promoter region of sigK and
negatively regulates the production of c* (see below). As a consequence, genes in the o*
regulon are generally affected by GerE appearance. It has been shown that SpollID and
GerE compete for binding sites on promoter regions of some genes, such as cotC (Ichikawa
and Kroos. 2000), implying interactions between transcriptional regulators in the mother
cell.

Negative Links in the Mother Cell Regulatory Network

Control of mother cell gene expression in sporulating B. subtilis is accomplished by a
cascade of regulators in the order o-SpollID-oX-GerE. A second layer of control, known
as negative feed-forward or feedback effects, connects different components of the cascade,
increasing complexity of the network.

One example of negative feedback is that from o RNAP on early sporulation genes.
Transcriptionally active 6X RNAP inhibits the transcription of the sigE operon, resulting in
the reduced accumulation of spollID mRNA since 6© RNAP transcribes spollID (Zhang, et
al. 1999). Two different pathways of ¢* repression of early gene expression have been
described. When o is made one hour earlier than normal, it appears to exert its negative
effect through the SpoOA-P-stimulated transcriptional activation of the sigE operon. When

ofis expressed at the normal time, it affects the activity of o RNAP, which transcribes the
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sigE operon (Zhang et al. 1999). This conclusion is supported by the observation that
another early sporulation gene ald is also inhibited when o* is expressed normally (Zhang
et al. 1999). ald encodes an alanine dehydrogenase and is also transcribed by o* RNAP.

A second example of a negative feedback loop in the mother cell is provided by GerE,
which, after its gene is transcribed by 6 RNAP, can down-regulate ok by repressing sigKk
(Ichikawa, et al. 1999). GerE has been shown to inhibit sigK transcription in vitro (Zheng,
et al. 1992). A gerE mutant shows a two-fold increase in expression of sigK during late
sporulation when compared to a strain containing wild-type GerE (Ichikawa, et al. 1999).

A third example of negative control is exerted by SpollID on cotC expression. The
combined action of SpollID and GerE regulates the expression of several cot genes
(Ichikawa and Kroos. 2000). GerE activates 6 RNAP to transcribe cotC, cotB and cotX by
binding to two sites in each promoter region. Meanwhile, SpoIlID provides another level of
control on these genes by binding to these promoter regions to repress transcription. An in
vitro transcription assay showed that cotC is repressed by a low level of SpollID. DNase I
footprinting experiments revealed two high-affinity SpollID binding sites in the cotC
promoter region (Ichikawa and Kroos. 2000). These SpollID binding sites overlap the
binding sites of GerE and o RNAP, suggesting that competition for the binding sites
regulates corC transcription. Expression of cotC-lacZ is delayed one hour compared with
that of cotB-lacZ. The mRNA of cotC reaches its peak two hours later than the peak time
of cotB mRNA (Ichikawa and Kroos. 2000). The difference is believed to be that cotC, but
not cotB, is repressed by SpollID.

The importance of these negative links in the mother cell regulatory network is the

question that we address in Chapters II and III of this dissertation.
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Structure and Properties of the Spore

A mature spore is composed of three substructures that play different roles in protection
of the spore: the core, the cortex, and the coat. The core is defined as the interior
compartment of the spore and houses small acid-soluble proteins (SASP) (Setlow. 1995)
that are associated with condensed DNA. The condensed DNA structure is resistant to UV
light. The core is surrounded by a cross-linked peptidoglycan layer called cortex. Small
molecules such as water can pass through this woven-fabric like structure. However, the
core remains dry largely because the cortex constricts the core (Driks. 2003). Finally, at
least 60 proteins assemble the multilayer coat of a spore outside the membrane surrounding
cortex. Two layers of the coat have been identified by thin-section microscopy: a lightly
stained, fine striated inner coat and a darkly stained, coarsely layered outer coat.

The resistance properties of a spore are closely related to the physical structure of it. A
series of assays have been developed to define spore defects. The heat resistance assay tests
the dehydrated state of the spore. The heat-resistant property primarily depends on the
maintenance of the cortex and to a lesser extent the coat of the spore (Popham, ez al. 1996).
The cortex also provides resistance against organic solvents. The lysozyme resistance
property is due to the coat (Zheng et al. 1988). The germination assay tests the
permeability of the coat and the sieved-structure of the cortex to germinants (sugar
molecules, amino acid molecules, etc.). Complementary to these assays are other
techniques such as electron microscopy (Cutting et al. 1991; Margolis, et al. 1993) and
spore coat protein analysis (Henriques, et al. 1995). A spore morphogenetic mutant may
not exhibit defects in all assays. For example, although a cotG mutant showed no strong

effects when examined by heat resistance and germination assays, the spore of a cotG
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mutant shows a significant defect when examined by electron microscopy (Henriques.
1998)
Development Transcription Regulatory Network

There are two types of transcriptional regulatory networks: the sensory transcription
networks, which respond to external stress or nutrients, and the developmental transcription
network, which guide differentiation events (Alon. 2003). Interactions within the former
happen rapidly and usually are reversible, while interactions within the latter are slow and
irreversible (Alon. 2003). The transcriptional regulatory network in the mother cell of
sporulating B. subtilis belongs to the developmental transcription network and therefore
shares some common characteristics of it.

First of all, all transcriptional regulatory networks are built by a set of recurring
regulation patterns, called “motifs”. Each motif can carry out certain functions. For
example, a negative autoregulation motif can speed up the time of response for a genetic
circuit and reduce cell-cell variation in protein level (Alon. 2007). In developmental
transcription networks, the following types of motifs are often seen: negative
autoregulation, feedforward loop, feedback loop, transcription cascade, single-input
modules, and dense overlapping regulons (Alon. 2007).

Another common feature of developmental transcription networks is robustness to
component tolerances (Alon. 2003). The notion of “robustness” in biology was first
b