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Zusammenfassung

Zusammenfassung

FtsH ist eine ATP- und Zn’"-abhingige Metalloprotease, welche mittels zweier
Transmembran-Segmente in der cytoplasmatischen Membran verankert ist. Sie ist die
einzige Dbeschriecbene Membran-verankerte AAA-Protease bei Bakterien mit
verschiedenen regulatorische Funktionen. Eine ftsH-Knockout Mutante zeigt einen
pleiotropen Phénotyp. Dazu gehoren filamentoses Wachstum der Zellen, Sensitivitdt
gegeniiber einem Hitzeschock und osmotischen Schock, und die Zellen konnen nicht mehr
sporulieren. Kiirzlich konnten wir zeigen, dass fisH-Knockout Zellen nicht das
Sporulations-Stadium 1II erreichen aufgrund einer zu geringen Menge an SpoOA~P.
AulBlerdem haben wir Spo0OE, eine Spo0A~P-spezifische Phosphatase, als erstes Substrat
von FtsH identifiziert. Da die Sporulationsfrequenz in einer spo0E ftsH Doppelmutante
nur teilweise wiederhergestellt wird, vermuten wir, dass FtsH weitere Substratproteine
abbaut, die die Sporulation negativ beeinflussen. Um weitere Proteine zu identifizieren,
wurden zwei verschiedene Strategien angewendet. Mittels der 2D-Gel Technik wurden
die Proteome einer fisH Wildtyp- und einer fisH-Knockout-Mutante miteinander
verglichen. Es konnten eine Reihe von Proteinen identifiziert werden, die in Abwesenheit
von FtsH entweder vermehrt oder reduziert produziert wurden. Eines der mengenméBig
etwa 4-fach erhohten Proteine wurde als SpoOM identifiziert. Da fisH nicht mit der
Transkription von spoOM interferiert, wurde ein in-vitro-Proteolysetest mit gereinigten
Komponenten etabliert. Es konnte gezeigt werden, dass SpoOM ATP- und Zeit-abhingig
von FtsH abgebaut wird. In der zweiten Strategie wurde zunichst eine fisH ' * Mutante
konstruiert und auf Verlust der Proteolyse-Aktivitét getestet. Protease Trap-Mutanten sind
noch in der Lage ihre Substrate zu binden, konnen diese aber nicht mehr abbauen. Mit
Hilfe einer GST- fisH"™ Mutante konnte das Membran-Protein YwnF gebunden und dann
mittels Massen-Spektrometrie identifiziert werden. Weitere Experimente sind notwendig,
um YwnF als Substrat-Protein zu verifizieren. Der letzte Teil der Dissertation galt dem
eag-Gen, welches mit spo0E ein bicistronisches Operon bildet. Die Konstruktion und
Analyse einer eag Insertions-Mutante ergab einen leichten Anstieg in der
Sporulationsfrequenz und in der Menge an SpoOA. Eine Transkriptionsfusion zwischen
dem Promotor des spo0E-eag Operons und dem /acZ Reportergen zeigte einen Anstieg in
der B-Galactosidase Aktivitéit ab ty bei Wachstum der Zellen in Sporulationsmedium. Da

es sich bei Eag vermutlich um ein integrales Membranprotein handelt, kann es
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iberschiissige Mengen an SpoOE binden und dadurch eine Dephosphorylierung von
SpoOA~P verhindern. Alternativ oder zusitzlich kann Eag SpoOE binden und es FtsH als

Modulatorprotein zum Abbau présentieren.



Summary

Summary

FtsH is an ATP- and Zn’"-dependent metalloprotease anchored in the cytoplasmic
membrane by two transmembrane segments. It is the unique membrane-bound AAA-
protease in bacteria that performs a variety of regulatory functions. In B. subtilis, an ftsH
knockout exhibits a pleiotropic phenotype such as filamentous growth, sensitivity towards
heat, osmotic shock and cells are unable to sporulate. Recently, it has been shown that
ftsH knockout cells fail to entry sporulation stage II due to lack of a sufficient amount of
SpoOA~P and the first substrate of FtsH identified in B. subtilis is the SpoOE phosphatase,
a negative regulator that dephosphorylates SpoOA~P. However, the sporulation frequency
in a spoOF ftsH double mutant strain was only partly restored, we hypothesized that FtsH
might degrade additional substrate proteins involved in sporulation. To identify these
proteins, two different strategies were applied. By using the 2D gel technique, the
proteomes of an fisH wild-type strain was compared with an ftsH null mutant. Several
proteins were identified to be either up- or down-regulated in the absence of FtsH. One of
them up-regulated about 4-fold was identified as SpoOM. Since fisH did not interfere with
transcription of spoOM, an in vitro proteolysis assay was established using purified
components. It was shown that SpoOM was degraded by FtsH in an ATP- and time-
dependent way. In the second strategy, an fisH"™ mutant was constructed and tested for
loss of its proteolytic activity. Protease trap mutants are still able to bind substrate
proteins, but are unable to degrade them. By using FtsH™ fused to a GST-tag, YwnF, a
membrane protein, was trapped and identified as a substrate of FtsH by mass
spectrometry. However, further experiments will be required to confirm YwnF as a target
of FtsH. The last part of this thesis was focused on the eag gene, which forms a bicistronic
operon with SpoOE. Construction and analysis of an eag insertion mutant exhibited a
slight increase in the sporulation frequency and in the amount of SpoOA. A transcriptional
fusion between the promoter of the spo0E-eag operon and the lacZ reporter gene revealed
an increase in the [-galactosidase activity from t, when the cells were grown in
sporulation medium. Since the Eag protein may be an integral membrane protein, it may
bind excess SpoOE thereby preventing it from dephosphorylating SpoOA~P. Alternatively,
Eag may bind SpoOE and present it as a modulator to FtsH for degradation.
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1. INTRODUCTION

1.1. Bacillus subtilis - the most important genetic model organism of the Gram-

positive bacteria

B. subtilis is one of the best model systems of the Gram-positive bacteria to study
cell structure, chromosome dynamics, cell division, regulation of metabolism and gene
expression (Kroos, 2007). For many decades, a significant research in the mechanism of
endospore formation and the regulation of the different stages during the process has
improved our understanding of various basic processes in bacteria (de Hoon et al., 2010).
In addition, interactions between protein-protein and protein - DNA consisting in
regulatory mechanisms, signaling pathways, feed-forward network motifs, and
posttranslational regulation have been characterized in details to provide information of
many cellular differential and developmental processes (de Hoon et al., 2010; Kroos,
2007). With the wealth of fundamental knowledge and numerous potential applications
contributed by studies in B. subtilis, this bacterium deserves to be the most important

generic model organism of the Gram-positive bacteria.

1.1.1. Overview of regulatory network in sporulation of B. subtilis
1.1.1.1. Morphology of B. subtilis sporulation and formation of protective structures

Under optimal conditions for vegetative growth, B. subtilis cells divide by binary
fission to produce two identical daughter cells. By contrast, depletion of carbon, nitrogen

or phosphate can initiate sporulation (Suel et al., 2006).

The sporulation process only begins when the starving cell has completed DNA
replication. The two chromosomes are then segregated with their replication origins
anchored at each cell pole and the origin-distal region at mid-cell (Teleman et al., 1998).
Sporulation begins with the formation of a polar septum, creating two membrane-bound
compartments of different sizes: the smaller forespore (prespore) and the much larger
mother cell (Fig. 1.1) (Errington, 2003). Initially, only about one third of the chromosome
is trapped in the forespore compartment, the remaining portion of the chromosome is then
translocated into the forespore whereas the other chromosome is localized in the mother
cell (Ptacin et al., 2008). Shortly after asymmetric division, under the control of the
compartment-specific transcription factors, two parallel programs of gene expression are

initiated in each compartment (de Hoon et al., 2010). Although the septum prevents
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diffusion of regulatory proteins between the two compartments, it is not closed
completely. The precise inter-compartmental signaling between two compartments is still
connected to direct the spatial and temporal progression of the developmental process (de

Hoon et al., 2010).

Following asymmetric division, the next morphological event of sporulation is the
forespore engulfment. This process is directed by mother cell-specific proteins that
facilitate the mother cell membrane migrating around the forespore and release the
forespore as a free protoplast completely enclosed in the mother cell (Morlot et al., 2010;
Pogliano et al., 1999). The forespore is now entirely surrounded by two membranes, its
inner and outer membranes. Next, both the inner and outer forespore membranes secrete
material into the space between the two membranes to synthesize the cortex, a modified
peptidoglycan that is less tightly crosslinked than the cell wall (Popham, 2002).
Simultaneously, the forespore chromosome is condensed into a toroidal nucleoprotein
structure by binding of small, acid soluble spore proteins (Kroos, 2007). At least 70
individual coat proteins are generated in the mother cell to assemble a multi-layered
structure on the forespore surface, building a spore coat outside the cortex to protect it
from unfavorable environmental conditions (Kroos, 2007). In addition to the spore coat
synthesis, the forespore begins to be dehydrated to prepare for dormancy. Finally, the
mature spore is released due to lysis of the mother cell (de Hoon et al., 2010). The mature
spores are admitted as the most resistant form of life on our planet (Nicholson et al., 2000)
to preserve the bacterial genome from heat, desiccation, radiation, oxidation and
considered as an efficient way to escape from predation mechanisms in higher organism
(Klobutcher et al., 2006; Laaberki and Dworkin, 2008). However, the spore is constructed
for responses to specific germinants. As soon as environmental conditions become
favorable for vegetative growth, B. subtilis quickly abandons the dormant state to

germinate (Setlow, 2003).
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Vegetative growth

Fig. 1.1. Morphology of the B. subtilis life cycle. The temporal and compartment-specific
sigma (o) factors required for each stage of sporulation are indicated. Cells divide by
binary fission to generate two identical daughter cells under conditions of vegetative
growth. During initiation of sporulation, the DNA chromosome completes replication and
duplication. Each chromosome (red) is oriented with its origin-proximal region anchored
at the opposite cell poles. During asymmetric division, the polar septum generates two
unequal membrane-bound compartments: a large mother cell and a small forespore
containing about one-third of the chromosome in its compartment. The remaining portion
of the forespore chromosome is translocated into the forespore after asymmetric division.
Engulfment begins with the migration of the mother cell membrane around the forespore
membrane to release the forespore as a free protoplast in the mother cell. Next, the cortex
is synthesized between the inner and outer forespore membranes. The mature spore is
released into the environment due to the lysis of the mother cell. The B. subtilis spore can
exit in a dormant spore state for long periods of time, but quickly resumes vegetative

growth in the presence of favorite conditions. This figure was taken from de Hoon et al.,

2010.
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1.1.1.2. Key transcriptional regulators during B. subtilis sporulation

The sporulation in bacteria is controlled by a complex cascade of regulatory
interactions in which sigma factors serve as dominant regulators of this process (Losick
and Stragier, 1992). There are two sigma factor cascades with compartment-specific
activities organized spatially and temporally to direct gene expression during the different
stages of endospore formation. Sigma factors ' and o° regulate gene expression in the
early and late stages of forespore whereas 6" and 6® control gene expression in the early
and late state in the mother cell, respectively (Losick and Stragier, 1992). The master
regulator of sporulation, Spo0A~P, and 6" play a key role during initiation of this process
by activating these two o factor cascades and by regulating transcription of genes in the
predivisional cell to prepare for the endospore formation (Eichenberger et al., 2004). A
brief functional description of key proteins in the network is summarized by Kroos, 2007

and shown in Table 1.1.
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Table 1.1. Key transcriptional regulators during B. subtilis sporulation. This

table was taken from Kroos, 2007

Protein | Aliases Function

o RpoD, SigA Major G'factor in growing cells; entry into
sporulation

o SpoOH Entry into sporulation

Entry into sporulation; activity persists in

Spo0A the mother cell
G SpollAC, SigF Early forespore gene expression
F
RsfA YwiN Regulatpr of o' -dependent gene
expression
o" SpollGB, SigE Early mother cell gene expression
E
SpolliD Regulatpr of c -depegdent gene
expression, primarily’
E
GerR® YIbO Regulatpr of 6 -dependent gene
expression
o SpollIG, SigG Late forespore gene expression
G
SpoVT | YabL Regulatpr of 6’-dependent gene
expression
" SpoIVCB/SpollICY, SigK | Late mother cell gene expression
K
GerE Regulator of 6 -dependent gene

expression

@ SpollID also represses some ~-dependent genes (Halberg and Kroos, 1994, Ichikawa

and Kroos, 2000).

©). Ger, germination; a mutation in a ger gene interferes with this process, which involves
rehydration of the spore and outgrowth of a rod-shaped cell in response to nutrients.

©: " is encoded in two genes, spolVCB and spollIC, which are separated by 48 kb until

Jjoined by site-specific recombination in the mother cell to form the sigK gene (Stragier et
al., 1989).

1.1.2. Genetic networks and key regulators controlling initiation of sporulation

Initiation of sporulation in B. subtilis is induced by nutritional, cell density, and
cell cycle signals that result in an elevated concentration of SpoOA~P (Kroos, 2007). Due

to nutrient deprivation, B. subtilis cells leave vegetative growth and enter the stationary
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phase (termed transition state). In order to survive, the cells redirect their metabolism and
physiology in different ways to deal with starvation (Phillips and Strauch, 2002). The
cell’s first priorities are to regulate the alterations in gene expression to utilize alternative
nutrients and to successfully compete with other species for scarce resources. Various
extracellular proteases and other degradative enzymes are produced and the alternate
pathways are applied to maximize the utilization of nutrient resources (Strauch, 1993). A
variety of antibiotics and antimicrobial compounds are secreted during this stage to out-
compete with other microbial species. Cells also establish a genetically competent state to
uptake exogenous DNA and sporulating cells are able to cannibalize non-sporulating cells
(Gonzalez-Pastor et al., 2003). Sporulation is only committed as a last resort when all
other attempts to grow, to compete and to survive have been exhausted. Once initiation of
sporulation has occurred, there is no turning back (Phillips and Strauch, 2002). Two key
regulatory proteins involved in the inititation of sporulation are ' and SpoOA and another
important factor is AbrB, a negative regulator that regulates various stationary phase

responses during initiation (Errington, 1993).

1.1.2.1. Activation of Spo0A, the master regulator of phase 0, occurs through a
phosphorelay

Spo0A, the master regulator of stage 0, is activated by phosphorylation via a
phosphorelay, an expanded version of a two-component system including protein kinases
and phosphatases (Molle et al., 2003; Muchova et al., 2004). When cells enter the
transition phase, unknown starvation signals trigger autophosphorylation at an invariant
histidine residue of one of five sensor kinases (KinA through KinE) (Ireton et al., 1993;
Jiang et al., 2000). The phosphoryl group is then transferred sequentially from the
kinase(s) to SpoOF, then to Spo0OB and finally to the response regulator SpoOA (Burbulys
et al., 1991). Dephosphorylation of SpoOF~P may be caused by at least four Rap proteins,
RapA, RapB, RapE and RapH (Perego and Hoch, 1996; Baker and Neiditch, 2011). It was
thought that these Rap proteins function directly as phosphatases. Indeed,
dephosphorylation of SpoOF~P is caused by the binding of Rap phosphatases to SpoOF~P
stimulating its autophosphatase activity (Piggot and Hilbert, 2004; Core and Perego,
2003). The Rap proteins are inhibited specifically by their corresponding pentapeptides
PhrA, PhrB, PhrE and PhrH. Their specific activity on the target Rap phosphatase is
determined by the amino acid sequence of each pentapeptide (Core et al., 2001). SpoOA~P
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itself is also dephosphorylated by the action of three phosphatases: SpoOE is produced
during the transition state and two homologues, Yisl and YnzD, are present during the
vegetative phase of growth (Perego and Hoch, 1987). SpoOE acts as a negative regulator
of sporulation by specifically dephosphorylating SpoOA~P and converting it into an
inactive form. Overproduction of SpoOE represses sporulation and deletion of spoOE

results in inappropriate timing of sporulation (Fig. 1.2) (Perego and Hoch, 1991).

KinA
KinB
KinC |=—» Spo0F~P =% Spo0B~P = Spo0A~P

kme| | T

RapA, RapB, RapE, RapH SpoOE
| | | ] YisI
PhrA PhrB PhrE PhrH YnzD

Fig. 1. 2: Schematic representation of the phosphorylation of Spo0A. Spo0A is indirectly
phosphorylated by a multicomponent phosphorelay involving the kinases KinA, KinB,
KinC, KinD, KinE and two intermediate proteins. The kinases phosphorylate SpoOF
resulting in SpoOF~P. Then, the phosphoryl group will be transferred to SpoOB and
finally to Spo0A to activate it. Phr peptides sense cell density and inhibit several Rap
phosphatases that can dephosphorylate SpoOF~P; SpoOFE, Yisl and YnzD can
dephosphorylate Spo0OA~P.

1.1.2.2. Positive and negative autoregulatory loops control production of Spo0A~P

Production of SpoOA~P is controlled by both positive and negative regulatory
loops during initiation of sporulation (Grossman, 1995). SpoOA~P can directly stimulate
its own expression and contribute to the transcription of genes that regulate further
accumulation of SpoOA~P via a positive feedback loop involving in AbrB and o' (Fig.
1.3). Transcription of the spo0A4 gene is controlled by a mechanism called “promoter
switching mechanism”, involving two SpoOA~P - dependent promoters: a vegetative o*-
recognized promoter, Py, and a sporulation ¢'-recognized promoter, P, controlled by the

amount of phosphorylated SpoOA (Chastanet and Losick, 2011). It has been proposed that

10



Introduction

a low level of spo0A is transcribed from P, during the exponential phase of growth while
P, is silent because of the absence of SpoOA~P and ¢"'. When SpoOA~P is formed via the
phosphorelay, transcription of the spo0A4 gene is switched from P, to Ps (Chastanet et al.,
2010). Once activated, SpoOA~P represses transcription of abrB causing derepression of
transcription of the spoOH gene coding for the sigma-H protein, thereby stimulating
transcription of spo0A from a sigma-H-recognized promoter. o' also directs transcription
of two response regulators, kind and spoOF. As a result, a positive feedback loop is set up
to control production of SpoOA~P (Fig. 1.3) (Britton et al., 2002).

A negative feedback loop is also controlled by SpoOA~P via SpoOE and its
repressor, AbrB. Transcription of spo0FE is repressed by AbrB and is derepressed during
early sporulation due to SpoOA~P repression of abrB (Perego and Hoch, 1991). An
increase in the amount of the SpoOE phosphatase causes the removal of phosphate from
SpoOA~P that converts it into the inactive form and prevents cells from entry into
sporulation. This negative feedback loop presumably functions in the maintenance of a
subpopulation of cells that do not sporulate under these conditions or delays fast SpoOA~P

induction (Grossman, 1995; Chastanet et al., 2010).
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Pv= o* |- Spo0A box Spo0Abox H Ps=c" Spo0A
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H
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Fig. 1.3. Schematic representation of positive and negative regulatory loops controlling
the production of SpoOA~P. Spo0A is activated through the phosphorelay. SpoOA~P
represses transcription of abrB. A decrease in AbrB protein causes derepression of
transcription of spoOH, leading to increased transcription of spo0OA and two response
regulators of the phosphorelay, kinA and spoOF [a positive feedback loop (+)]. The
decrease of AbrB level also causes derepression of spoOE, leading to increased
accumulation of the phosphatase that removes phosphate from SpoOA~P thereby setting
upon a negative feedback loop (-).

1.1.2.3. Role of phosphorylated Spo0A during initiation of sporulation

The master regulator of sporulation, Spo0A~P, is a DNA-binding protein
activated through a phosphorelay (Molle et al., 2003). It is a member of the response
regulator family of two-component regulatory systems consisting of two distinct domains.
The highly conserved N-terminal domain called phosphoacceptor (or receiver) domain
containing an invariant aspartic acid residue (Asp-56) is the target of phosphorylation by
the phosphorelay and mediates dimerization of Spo0OA. The C-terminal DNA-binding (or
effector) domain which is responsible for binding to specific DNA sequences, called 0A

boxes, regulates transcription of target genes (Perego et al., 1991; Muchova et al., 2004).

Dimerization of SpoOA after phosphorylation is required to target 0A boxes

(Asayama et al., 1995). SpoOA~P acts as a repressor and activator protein regulating a
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total of 121 genes including genes with vegetative ¢"-recognized promoters as well as
sporulation ¢''-recognized promoters (Seredick and Spiegelman, 2001; Molle et al., 2003).
It plays two major roles in the cell’s adaptive responses to starvation. First, a low amount
of SpoOA~P initially represses transcription of abrB that causes an increase in AbrB-
dependent gene expression during the transition state. Second, when the SpoOA~P
concentration reaches a critical level, it will regulate expression of genes required for
entry into sporulation (Phillips and Strauch, 2002). The basal level of SpoOA~P is not
constant from cell to cell. These regulatory loops and the interconnectedness of the
phosphorelay influences production of SpoOA~P and results in a bi-stable switch - a state
where some cells in the population accumulate a higher level of SpoOA~P than others
(Kroos, 2007; Dubnau and Losick, 2006). Cells with a high level of SpoOA~P produce
killing factors to lyse those cells with a low SpoOA~P level to get more nutrients resulting
in a delay in initiation of sporulation. They also resist their killing factor by synthesizing
an export pump and an immunity protein to protect them from the toxin (Grossman, 1995;
Dubnau and Losick, 2006). About 60% of the cells with a sufficient amount of SpoOA~P,
called SpoOA-ON stage, are able to sporulate while the remaining 40% are in the SpoOA-
OFF stage and fail to enter into sporulation. This mechanism is called “bistability” which
means the simultaneous existence of two subpopulations in one population of genetically

identical cells. The explanation for this mechanism is still unknown.

1.1.2.4. Sigma H, a positive regulator of sporulation

Sigma-H (c') is an alternative RNA polymerase sigma factor activating the
transcription of many genes required for formation of the polar septum, the initiation of
cell-type-specific expression and activation of SpoOA (Burkholder and Grossman, 2000).
Many sporulation genes are directly activated by sigma-H including spo0A4, spoOF, kinA,
spoOM, spoVG, and spoVS and the spollA operon (Bai et al., 1990; Johnson et al., 1983;
Predich et al., 1992; Han et al., 1998; Resnekov et al., 1995; Wu et al., 1991).

Sigma-H also regulates transcription of some members of the phr family, coding
for secreted peptide pheromones that inhibit specifically the corresponding Rap
phosphatases, modulating cell entry into genetic competence, sporulation, and other
processes (Perego and Brannigan, 2001; Lazazzera et al., 1999; McQuade et al., 2001).
Several of the genes transcribed by sigma-H are also under control of o”-dependent
promoters including spo0A, ftsA (cell division), dnaG (DNA replication), sig4 (encoding
sigma-A, the major sigma factor), and citG (tricarboxylic acid cycle) (Britton et al., 2002).
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Sigma-H also contributes indirectly to the expression of Spo0OA and KinB by activating
expression of sinl and repressing sinR - a spo0A synthesis repressor, thereby activating
indirectly the spo0A synthesis (Bai et al., 1993). In addition, sigma-H stimulates
expression of CSF (competence stimulating factor), which inhibits the RapB phosphatase
that dephosphorylates SpoOF~P and thereby contributes to the increase in spo0A
transcription during the early stage of sporulation (Fig. 1.4). In turn, SpoOA~P contributes
to the induction of sigma-H by repressing its transcriptional repressor, AbrB (Burkholder

and Grossman, 2000).

Regulation of sigma-H itself is quite complicated. spoOH, coding for sigma-H, is
transcribed from a o”-dependent promoter and directly under negative control of AbrB
which is in turn repressed by SpoOA~P (Burkholder and Grossman, 2000; Strauch, 1995;
Weir et al., 1991). Under appropriate conditions, increased levels of SpoOA~P result in
repression of AbrB resulting in enhanced levels of spo0H transcription. Therefore, a high
level of SpoOA~P is produced resulting in more repression of AbrB and increasing levels
of sigH transcription, thereby establishing a self-reinforcing cycle to regulate both sigma-

H and SpoOA.

Sigma-H plays important roles in response to a diversity of external conditions
including pH, carbon source, and existence of amino acids. It controls many genes
involved in several cellular processes including proteolysis, cell wall metabolism,
transport, and cytochrome biogenesis that helps cells to adapt to conditions of starvation
and impacts physiological decisions during entry into stationary phase (Britton et al.,

2002).

Schematic representation of regulation of sigma-H transcription and its regulation

of expression and activation of SpoOA is illustrated and shortly explained in Fig. 1.4.
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Sigma-H
jp Sinl |— AbrB
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KinA — SpoOF —# Spo0B — - SpolA~P

Fig. 1.4. Regulation of sigma-H transcription and its regulation of expression and
activation of SpoOA. Sigma-H regulates transcription of kinAd, spoOF, and spo0A,
contributing to the high level accumulation of Spo0OA~P. Sigma-H also stimulates the
activation of Spo0OA by regulating expression of the secreted peptide pheromone, CSF,
which inhibits the phosphatase, RapB, that dephosphorylates SpoOF~P. Similarly, sigma-
H regulates expression of sinl, which inhibits sinR, resulting in further derepression of

spo0A transcription. This figure was taken from Burkholder and Grossman, 2000.

1.1.2.5. AbrB, an important transcription factor during initiation of sporulation

AbrB is a transcriptional repressor that plays an important role during initiation
of sporulation (Kroos, 2007). This DNA-binding protein plays a role as a repressor of
several competence genes as well as genes expressed during the transition state (Strauch

and Hoch, 1993; Strauch et al., 1989b).

At least three sporulation genes controlled by AbrB are spo0E (Perego and Hoch,
1991), spoOH (Weir et al., 1991) and spoVG (Zuber and Losick, 1987). AbrB also
regulates an antibiotic-synthetic gene, tycA4 (Fiirbass et al., 1991; Robertson et al., 1989),
and abrB itself (Strauch et al., 1989a). Over 40 different genes are directly regulated by
AbrB and many other genes indirectly due to its influence on the transcription of other
regulatory proteins. For example, the regulatory proteins ScoC, Abh, SinR and SigH are
controlled by AbrB. These proteins also regulate numerous genes in different regulatory
networks leading to a wide variety of genes controlled indirectly by AbrB (Phillips and
Strauch, 2002).

AbrB acts as a DNA-binding factor and controls gene expression in at least three

different ways (Dixon et al., 2001; Errington, 1996; Johnson et al., 1983). First, AbrB acts
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as a unique repressor of some genes that are constitutively expressed during all phases of
growth in an abrB mutant strain. In most of the cases, AbrB plays a role as a preventer to
become a factor in series of redundant regulatory networks for ensuring that no regulator
has complete control over genes that must remain silent during active growth. AbrB also
plays a role as an activator of some genes when it represses activation of other repressors

(two negatives = a positive) (Phillips and Strauch, 2002).

The transcription of the abrB gene is autoregulated. In an active growth state, the
AbrB concentration is maintained at a threshold that is sufficient for its regulatory activity
(Strauch et al., 1989a). During starvation, SpoOA, a repressor of abrB transcription, is
activated by phosphorylation through the phosphorelay, resulting in a decrease of the
AbrB level below the threshold for its negative regulatory activity thereby increasing the
expression of AbrB-repressed genes. The genes under control of AbrB may function in
many metabolic and physiological processes, including production of extracellular
degradative enzymes, antibiotics, motility, development of competence, transport systems,
oxidative stress response, phosphate, nitrogen and amino acid metabolism, cell surface

components and sporulation (Phillips and Strauch, 2002).

1.2. The metalloprotease FtsH
1.2.1. Introduction of FtsH

FtsH is member of the AAA family (ATPases associated with a variety of cellular
activities) inserted into the cytoplasmic membrane by two transmembrane segments
(Schumann, 1999). It is comprised of an N-terminal region with two transmembrane
segments and a C-terminal cytoplasmic region consisting of AAA-ATPase and Zn”'-
metalloprotease domains. While other AAA proteases are located in the cytoplasm, FtsH
is a unique membrane-bound AAA protease able to degrade integral membrane proteins.
It plays crucial roles in controlling the quality of membrane proteins by rapidly degrading
abnormal membrane proteins and some short-lived proteins present in the cytosol (Ito and

Akiyama, 2005).

Bacterial cells with FtsH malfunction in bacteria result in cell division defects and
growth arrest (Bieniossek et al., 2006). In E. coli, the FtsH protease is essential for growth
whereas it is dispensable in B. subtilis. However, ftsH mutant cells in B. subtilis appear

more sensitive to heat, salt, and defective for cell division and sporulation (Kiran et al.,
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2009). Orthologs of FtsH also exist in chloroplasts and mitochondria of eukaryotes
(Bieniossek et al., 2006). The FtsH protease of Arabidopsis thaliana contributes to the
tolerance of the plant to uplifted temperatures. It may alleviate light stress by degrading
photodamaged photosystem II D1 protein and unassembled thylakoid membrane proteins
(Chen et al., 2006). The loss of a close FtsH-orthologs in humans results in hereditary
spastic paraplegia (Bieniossek et al., 2006).

1.2.2. Discovery of FtsH

The E. coli ftsH gene was discovered and described independently by four groups
through detection of different phenotypes, thereby received four different designations:
ftsH, stands for filamentous temperature-sensitive; t0/Z, exhibits tolerance against colicins
and AfIB, causes high frequency of lysogenization by phage lambda and mrsC, stands for
mRNA stability (Schumann, 1999).

In B. subtilis, the ftsH gene has been discovered separately by three different
groups. First, the group of Schumann detected FtsH as an insertion mutant causing a
growth defect under hyperosmotic conditions (Geisler and Schumann, 1993). Later, fisH
was detected by the group of S. Cutting as a regulatory factor of SpoVM, a protein
requiring for spore cortex and coat formation (Cutting et al., 1997) and the group of P.
Zuber identified fisH as an essential gene for fermentation and nitrate respiration (Nakano
etal., 1997).

In general, the fisH gene is present in one single copy in the examined prokaryotic
genomes except for cyanobacteria such as Synechocystis (J05708), which has four fisH
genes in its genome (Nixon et al., 2005). Yeast genomes contain three copies of the gene
(Schnall et al., 1994), whereas plant genomes possess a larger fisH gene family. For
example, the Arabidopsis genome has 12 ftsH genes and mutations in these genes result in

leaf color variegation (Chen et al., 2006).

1.2.3. The structure of FtsH

The membrane-bound metalloprotease FtsH is a ring-like homo-hexamer complex
that carries the AAA and proteolytic domain on the same polypeptide chain (Ito and
Akiyama, 2005). The FtsH monomer of E. coli consists of 647 amino acid residues with a

calculated molecular mass of 71.0 kDa. FtsH is an integral cytoplasmic membrane protein
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and both the amino- and carboxy-termini are exposed into the cytoplasm (Narberhaus et
al., 2009). The N-terminus with only seven amino acids extending into the cytoplasm is
followed by the two transmembrane segments and a large cytoplasmic region of
approximately 520 residues consists of the ATPase and the Zn*"-dependent protease

domain (Ito and Akiyama, 2005).

The ATPase domain consists of the conserved Walker A and B motifs arranged to
coordinate ATP in combination with Mg”" and water molecules to support for nucleotide
binding and hydrolysis, and the second region of homology (SRH) carrying conserved
arginine residues ‘‘arginine fingers’’ for oligomerization and nucleotide hydrolysis
(Bieniossek et al., 2009). They form the substrate entrance gate with a diameter of about
15 A containing a conserved phenylalanine at position 228 required for substrate
recognition and translocation. Substrates are pulled through a narrow gate using the
energy of ATP hydrolysis for unfolding and translocation into the protease domain. The
C-terminal region of FtsH is the protease domain containing the zinc-binding HEXXH
motif, a conserved sequence feature for Zn-dependent metalloproteases with two
histidines coordinating a zinc atom and the glutamate plays a crucial role in catalytic
function (Narberhaus et al., 2009). Three conserved leucine residues at positions 567, 574
and 584 of this region form a leucine zipper which plays a key role for degradation of

RpoH and 4 cII (Shotland et al., 2000b).

In E.coli, FtsH interacts with the HfIKC membrane protein complex to form a
large membrane-spanning holoenzyme (Saikawa et al., 2004). HfIK and HfIC are
cytoplasmic membrane proteins that form a hetero-multimeric complex (HfIKC) and
further interact with the FtsH hexamers within the membrane to form a large complex of
about 1 MDa. It has been suggested that HfIKC exerts proteolytic modulation of FtsH
depending on the class of substrates, membrane-integrated or soluble. The membrane-
integrated and soluble substrates are presented to FtsH via different pathways so that

HfIKC might be a regulatory factor of substrate selection (Akiyama, 2009).

18



Introduction

A Walker A Walker B B

FtsH, RpoH
FtsH monomer 1 ] 1 J

C-terminal sequence and complex recognition mechanism
length recognition (structural features, adaptor proteins)

Fig. 1.5. Cartoon representation of FtsH structural features and degradation
mechanisms by FtsH. (4) Cartoon representation of one soluble subunit of FtsH from
Thermus aquaticus. The ATPase domain and the protease domain are displayed in blue
and green, respectively. The Walker A and B motifs, the pore region, the second region of
homology (SRH), the zinc binding motif HEXXH and the helices at the C-terminus are
shown in black. (B) The hexameric structure of FtsH is displayed using the same colors as
in (A). LpxC structure, an example of a degradation mechanism starting at a free
terminus, is shown on the left. The specific sequence and length for the E. coli C-terminal
degradation signal on LpxC is indicated in the single letter amino acid code. On the right,
regions 2.1-C of RpoH is shown as a model for a complex degradation mechanism with

important residues colored in red. This figure was taken from Narberhaus et al., 2009.

1.2.4. Substrate binding

FtsH interacts with cytoplasmic and membrane-bound substrates in different ways.
It was proposed that recognition of protein substrates by FtsH is presumably initiated by
binding of FtsH with its substrate occuring on the outer surface of the a-helical subdomain
(Niwa et al., 2002). The conserved region in the C-terminus of FtsH may also contribute
to the substrate binding (Shotland et al., 2000b). A degradable substrate recognized by
FtsH is then translocated into the FtsH proteolytic chamber.

The proposed model for FtsH substrate binding is illustrated and described in Fig.
1.6 and Fig. 1.7 (Ito and Akiyama, 2005). For soluble protein substrate binding, the
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substrate initiation region for degradation by FtsH may be first recognized by the outer
surface of the helical subdomain of the ATPase domain (purple). The substrate is then
scanned by FtsH for the ability to interact with the a-helical subdomain of the ATPase
domain. After being recognized, the substrate is delivered into the ATPase chamber
through the gate formed by the pore residues on the membrane side (orange) and then
translocated further into the proteolytic chamber for proteolysis (Fig. 1.6). While the first
step does not require ATP, the subsequent steps need to be coupled to ATP hydrolysis for
their activity (Fig. 1.6).

Y

i 1

ATPase
1

Protease L T .
“»

Fig. 1.6. Schematic representation of a possible entry route for soluble protein
substrates. FtsH first recognizes substrates at the outer surface of the ATPase domain
(purple), then delivered into the ATPase chamber through the pore residue-formed gate
(orange) and then translocated into the proteolytic chamber for proteolysis. This figure

was taken from Ito and Akiyama, 2005.

In case of the membrane protein substrates, recognition of a membrane protein
substrate may first occur within the membrane by the interaction of the FtsH and substrate
transmembrane regions in association with HfIKC. HfIKC may control access of
membrane protein substrates to FtsH within the membrane. FtsH then recognizes a
cytoplasmic tail of the substrate membrane protein that protrudes sufficiently into the
cytoplasm and test for its interaction with the a-helical subdomain of the ATPase. The
recognized substrate is then dislocated out of the membrane, and the rest of the steps may

occur in a similar way as described for soluble substrates (Fig. 1.7).
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Protease

Fig. 1.7. Schematic representation of a possible entry route for membrane protein
substrates HfIKC may initially control the interaction of membrane protein substrates
with FtsH within the membrane allowing FtsH to scan for substrate membrane protein
recognition. The remaining steps may occur similarly to degradation of soluble

substrates. This figure was taken from Ito and Akiyama, 2005.

1.2.5. Mechanism of substrate recognition and degradation by FtsH

The mechanism of FtsH protein substrate degradation depends on Zn>" and ATP in
which ATP-hydrolysis causes conformational changes and creates a mechanical force to
unfold the substrate and translocate it into the proteolytic chamber. The proteolytic
reaction of FtsH may occur in an initiation-signal-dependent manner in which substrate

unfolding depends on an initiation signal and then extends along the polypeptide chain.

An unstructured region at either end or internal of the polypeptide is required for
degradation initiation and this part of the substrate should not be folded or associated
tightly with other proteins. So far, there are two principal pathways to explain the FtsH
degradation mechanism. The first pathway is based on the recognition of motifs located at
the N- or C-terminal ends of the substrates and the second is more complicated depending
on structural internal features of protein substrates. In both cases, specialized adaptors and

targeting proteins are involved (Narberhaus et al., 2009).

1.2.5.1. Recognition of N- or C-terminal motifs for FtsH degradation

FtsH may degrade membrane and soluble substrate proteins via different
pathways (Akiyama, 2009). In case of degradation of membrane-anchored proteins, an

unstructured and flexible N- or C-terminal tail is exposed into the cytoplasm serves as a
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signature to cause initiation of proteolysis by FtsH. The minimal length of an exposed
peptide is approximate 20 amino acids at the N-teminus and only ten for a C-terminally
exposed peptide. For example, degradation of the membrane substrate YccA depends on a
stretch of approximate 20 amino acid residues at the N-terminal cytosolic tail (Chiba et
al., 2000). Shortening of the tail was reported to cause stabilization of this protein (Ito and
Akiyama, 2005). No specific sequence is recognized for degradation initiation because
some non-substrate membrane proteins can be converted into FtsH substrates by adding a
cytosolic tail of sufficient length (about 20 residues) on either the N- or C-terminal side

(Chiba et al., 2000; Chiba et al., 2002; Nishiyama et al., 2000).

Although recognition of terminal degradation signals is a common way for many
FtsH substrate proteins, the process still depends on the mechanism of target interaction
and membrane dislocation that might be different from a variety of FtsH substrates

(Kihara and Ito, 1998; Kihara et al., 1999; Chiba et al., 2002).

Recognition of a free-end is also typical for the degradation of some soluble FtsH
substrates such as SsrA-tagged polypeptides, phage protein A CII and LpxC. In the case of
LpxC degradation, an unstructured C-terminus is responsible for proteolysis. The largely
non-polar motif consisting of the final 11 residues (-LAFKAPSAVLA) with the first two
(LA) and last four (AVLA) amino acids play a key role for proteolysis. The critical length
of 20 amino acids at the C-terminus is required for recognition of the non-polar residues at
the C-terminus of LpxC and conserved amino acids at the entrance channel of FtsH
(Yamada-Inagawa et al., 2003). Stabilization of the protein occurs when removing the tail
or replacing at least two residues by the polar aspartic acid and has no effect on its activity
(Fiihrer et al., 2006; Fiihrer et al., 2007). This indicates that the C-terminus is the unique
feature required for targeting LpxC to FtsH.

1.2.5.2. Complex substrate recognition mechanisms

Several protein substrates of FtsH are not recognized by free terminal signals.
Instead, an internal degradation motif is required for proteolysis (Okuno et al., 2006b).
The best-studied example is the alternative heat shock sigma factor RpoH (o°2). Neither
end of RpoH is essential for proteolysis, but an internal region within the N-terminus can

initiate degradation of this protein (Bertani et al., 2001; Tomoyasu et al., 2001).
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Amino acids L47, A50 or I54 in region 2.1 of RpoH are important for FtsH-
dependent proteolysis (Horikoshi et al., 2004; Obrist et al., 2009; Obrist and Narberhaus,
2005; Yura et al., 2007). The substitutions at these positions have revealed to protect
RpoH from degradation and all three amino acids are assumed to line up on one face of an

a-helix (Fig. 1.5B) (Narberhaus et al., 2009).

Another important region for RpoH degradation has determined to map in region
C containing the two residues A131 and K134 that are essential for degradation by FtsH.
The substitution of these two residues causes stabilization of RpoH. Therefore, a minimal
RpoH fragment consisting only of regions 2.1 and C has been shown to be degraded by
the FtsH protease (Obrist et al., 2009).

1.2.