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Summary

Summary

Bacteria necessitate multiple signal transduction systems to sense the ever-changing
environments and mediate the cellular response accordingly. The major bacterial signal
transduction systems are one-component system (1CS), two-component system (2CS) and
extracytoplasmic function (ECF) o factor. Compared to 1CSs and 2CSs, ECF o factors have
only been identified much later and therefore the knowledge about their molecular
mechanisms and physiological roles is less profound. This thesis mainly focusses on the

study of ECF o factors from the bacterial phyla, Planctomycetes and Actinobacteria.

In the first two parts of this study, ECF o factors from eight planctomycetal genomes and
119 actinobacterial genomes were classified and analyzed in depth. This led to the
identification of eight novel ECF groups consisting of 202 protein members from
Planctomycetes and 18 novel ECF groups consisting of 427 protein members from
Actinobacteria, respectively. Many of these novel ECF groups were found to show unusual
properties. For example, five ECF groups (ECF01-Gob, ECF48, ECF52, ECF53 and
ECF56) contained extended C-terminal domains. Four ECF groups (STK1-STK4) were
genomically adjacent to serine/threonine kinases. Further analyses of these properties
suggested novel ECF-dependent signal transduction mechanisms.

In the third part of this study, we identified the genes controlled by ¢%, a conserved ECF o
factor in the actinobacterial genus, Streptomyces. Since o has been characterized to be
important for cell envelope stress response in S. coelicolor, we firstly defined the o= regulon
in this organism using a combination of chromatin immunoprecipitation-sequencing (ChlP-
seq), DNA microarray and bioinformatic analyses. Thus, 91 target genes were assigned into
the o- regulon in S. coelicolor. By in depth analysis of these genes, it was found that
approximately half of them encode proteins showing cell envelope related functions.
Amongst the remaining target genes, proteins involved in cell regulation and cell
metabolism could be identified. Subsequently, 17 of these 91 targets were validated by S1
mapping or in vitro transcription. Using this S1 mapping data set, we identified promoters
for all of these 17 targets and established a " binding consensus, consisting of a conserved
“AAC” at -35 region and a “TC” at -10 region. Next, we predicted all the ¢ binding sites

across 19 Streptomyces genomes and established a putative oF

regulon for every
Streptomyces genome. Finally, we selected those targets that were conserved in at least 9

Streptomyces genomes and built a core o= regulon.

Vil
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Zusammenfassung

Bakterien bendtigen eine Vielzahl von Signaltransduktionssystemen, um die sich standig
andernden Umweltbedingungen wahrzunehmen und eine entsprechende zellulédre Antwort
zu vermitteln. Die drei wichtigsten Signaltransduktionssysteme in Bakterien sind
Einkomponentensysteme (1C9s), Zweikomponentensysteme (2CS) und
extracytoplasmatisch-aktive (ECF) o Faktoren. ECF ¢ Faktoren wurden im Vergleich zu
1CS und 2CS erst spét entdeckt und sowohl ihre molekularen Wirkmechanismen als auch
ihre physiologische Bedeutung sind weniger gut erforscht. Diese Arbeit fokussiert sich
hauptsichlich auf die Analyse von ECF o Faktoren aus den Phyla der Planctomyceten und

der Actinobakterien.

Die ersten beiden Teile dieser Arbeit beschaftigen sich mit der Klassifizierung und der
detaillierten Analyse von ECF o Faktoren aus 8 planctomycetischen sowie 119
actinobakteriellen Genomen. Etwa 202 zuvor noch nicht klassifizierte ¢ Faktoren aus
Planctomyceten, sowie 427 aus Actinobakterien, konnten in 26 neue ECF Gruppen
eingeordnet werden. Einige von ihnen wiesen ungewohnliche Eigenschaften auf. So
besitzen zum Beispiel 5 ECF Gruppen (ECF01-Gob, ECF48, ECF52, ECF53 und ECF56),
zusitzlich zu ihren konservierten 62 und 64 Doménen, erweiterte C-terminale Domanen, und
vier Weitere (STK1-STK4) liegen im Genom in unmittelbarer N&he zu Serin-
/Threoninkinasen. Tiefergehende Analysen deuten auf neuartige ECF-abhangige

Signaltransduktionsmechanismen hin.

Im dritten Teil dieser Arbeit wurden die Gene identifiziert, die unter der Kontrolle von c°
stehen. Hierbei handelt es sich um einen konservierten ECF ¢ Faktor aus Streptomyceten,
welcher dem Phylum der Actinobakterien angehdren. Da - eine wichtige Rolle bei der
Zellhiill-Stressantwort in S. coelicolor spielt, wurde zunichst das ¢© Regulon in diesem
Organismus durch eine Kombination von Chromatin-Immunoprézipitation mit
anschlielender Sequenzierung (ChIP-seq), DNA-Microarray und bioinformatischen
Analysen bestimmt. Es konnten dem oF Regulon in S. coelicolor 91 Zielgene zugeordnet
werden. Mit Hilfe einer detaillierten Analyse dieser Gene konnte herausgefunden werden,
dass etwa die Halfte von ihnen fur Proteine kodieren, deren Funktion im Zusammenhang
mit der Zellhille steht. Viele weitere scheinen in die Zellregulation und den

Vi
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Zellmetabolismus involviert zu sein. 17 der 91 Zielgene wurden in vitro durch S1-
Kartierung oder in vitro Transkription bestatigt. Durch die daraus gewonnenen Daten
konnten die Promotoren fiir alle 17 Gene und die Konsensussequenz der o--Bindestelle
identifiziert werden. Letztere besteht aus den konservierten Nukleotiden “AAC” in der -35
Region und “TC” in der -10 Region. Im Folgenden wurden alle o Bindestellen in 19
Streptomyces-Genomen mittels bioinformatischer Analysen vorausgesagt und die
potentiellen o=-Regulons fiir jedes der Genome bestimmt. SchlieRlich wurden alle Zielgene
ausgewadhlt, die in mindestens 9 Streptomyces-Genomen konserviert waren, und daraus ein

o--Kernregulon abgeleitet.
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Chapter 1

1 Introduction

1.1 Overview of bacterial signal transduction systems

In nature, bacteria constantly encounter various environmental challenges such as
fluctuating temperatures and changing nutrition conditions. In order to respond to
environmental signals, bacteria employ multiple signal transduction systems to achieve the
flow of information from the outside environment to the gene expression module inside the
cell. The major signal transduction systems found so far are one-component system (1CS),
two-component system (2CS) and extracytoplasmic function (ECF) o factors (Staron &
Mascher, 2010). Each system is generally composed of two functional modules: a signal
input module and a response output module. In the case of 1CSs, the signal input and output
modules are fused to one polypeptide (Ulrich et al, 2005), whereas in the case of 2CSs, a
histidine kinase and a cognate response regulator generally function as signal input and
output, respectively (Casino et al, 2010; Stock et al, 2000). The system governed by ECF o
factors generally employs an anti-c factor to work as a signal input module and an ECF ¢
factor to work as a response output module (Helmann, 2002; Mascher, 2013; Staron &
Mascher, 2010). All three systems mediate cellular responses to environmental signals
mainly through directing the transcription of downstream genes.

1.1.1 One-component systems

As the simplest form of signal transduction system, 1CSs fuse a signal input domain and a
response output domain in a single protein. The input domain senses the signal and further
regulates the activity of the output domain, thereby mediating the cellular response. It has
been shown that the input domains of most of 1CSs are small molecule binding domains
(93%) and the output domains of 1CSs are mainly DNA-binding helix-turn-helix (HTH)
domains (84%) (Ulrich et al, 2005).

1CSs are extensively spread in bacteria and involved in various physiological processes.
One classical example of 1CSs is the E. coli Lacl repressor which modulates lactose
metabolism (Wilson et al, 2007). The Lacl repressor modulates the transcription of the
lacZYA operon, which contains genes lacZ, lacY and lacA, encoding proteins necessary for

lactose utilization (Wilson et al, 2007). Other 1CSs could also act as global regulators and

2
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modulate the transcription of over one hundred genes, such as the cCAMP receptor protein,
CAP (Kolb et al, 1993; Tutar, 2008).

In individual bacteria, 1CSs are generally far more abundant than 2CSs and ECF o factors
(Ulrich et al, 2005). This reflects an important role of 1CSs for bacteria to sense
environmental cues. However, 1CSs have limitations in signal transduction. Although there
have been 1CSs reported to locate at the membrane and to be able to sense an extracellular
signal (e.g., the bacitracin regulator BcrR (Gebhard et al, 2009) and cholera toxin
transcriptional activator ToxR (Miller et al, 1987)), the vast majority of 1CSs are soluble

proteins and thus sense intracellular cues (Ulrich et al, 2005).

1.1.2 Two-component systems

2CSs are widely distributed in bacteria and play important roles in sensing extracellular
environmental signals (Ulrich et al, 2005). The classical 2CS consists of a histidine kinase
and a response regulator. The histidine kinase functions to perceive the signal and the
response regulator functions to orchestrate the cellular response (Fig. 1A). The histidine
kinase typically contains a sensor domain at the N-terminus, a dimerization and histidine
phosphotransferase (DHp) domain in the middle and a catalytic and ATPase (CA) domain at
the C-terminus. Upon detecting the signal by the sensor domain, the histidine kinase auto-
phosphorylates at a conserved histidine residue locating at the DHp domain, which is
catalyzed by the CA domain. The response regulator contains a conserved receiver domain
(RD) that is able to catalyze the transfer of the phosphoryl group from the phosphohistidine
residue of its cognate histidine kinase to a conserved aspartate residue in the RD.
Phosphorylation of the response regulator generally induces its conformational change
which further activates the function of its effector domain to elicit a signal output (Capra &
Laub, 2012; Casino et al, 2010; Stock et al, 2000).

It should be pointed out that in some histidine kinases, there are also additional domains,
which, in most common cases, are PAS (Per, Arnt, Sim) (Zhulin et al, 1997), HAMP
(histidine kinases, adenyl cyclases, methyl-accepting proteins and phosphatases) (Aravind &
Ponting, 1999) and GAF (cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA)
(Arvind & Ponting, 1997), locating between the sensor domain and the DHp domain
(Mascher et al, 2006). Such connector domains are either involved in the signal relay or
shown to be the sensor for the cytoplasmic stimuli (Mdéglich et al, 2009; Parkinson, 2010).
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y o
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Fig. 1 Schematic overview of signal transduction mechanisms of 2CSs (see text for details). A) typical two
component system; B) one example of the extended 2CSs, which involve a phosphorelay process to pass the
signal. Abbreviations: DHp, dimerization and histidine phosphotransferase; CA, catalytic and ATPase, RD,
receiver domain; Hpt, histidine phosphotransfer domain.

Apart from the typical 2CS paradigm described above, there also exists extended 2CSs,
which require a phosphorelay process to pass the signal (Perraud et al, 1999; Zhang & Shi,
2005). Such phosphorelay processes are achieved by multiple phospho-transferring
modules. For example, an additional RD and a histidine phosphotransfer (Hpt) domain
could be involved in the phosphor-relay process (Fig. 1B). The additional RD and the Hpt
domain are located at the C-terminal of the histidine kinase that directly follows the CA
domain, which thus lead to the designation of this kinase as a “hybrid histidine kinase”.
Upon receiving the stimuli, this hybrid histidine kinase firstly auto-phosphorylates at the
conserved histidine residue in the DHp domain. Then the phosphoryl group is sequentially
transferred to the RD of the hybrid histidine kinase, followed by the histidine
phosphotransferase and then is transferred to the terminal response regulator (Perraud et al,
1999).

Based on their domain architecture, histidine kinases can be classified into three groups
(Fig. 2) (Mascher et al, 2006). The largest group is comprised of histidine kinases that
contain at least two transmembrane helixes and a large extracellular sensor domain. This
group is called extracellular- or periplasmic-sensing histidine kinases that detect signals like
nutrients or solutes outside the membrane enclosed cytoplasmic parts. Many well
understood kinases belong to this group (Mascher et al, 2006). For example, EnvZ from E.
coli is involved in the response to the extracellular osmolality (Leonardo & Forst, 1996).

The two well-characterized sensor histidine kinases NarX and NarQ sense environmental
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nitrate and nitrite and are involved in the regulation of transcription of genes involved in
anaerobic respiration (Cavicchioli et al, 1996; Stewart, 2003). The second group includes
histidine kinases that sense the membrane-associated or internal membrane signal. Histidine
kinases within this group contain multiple transmembrane helixes (2 to 20) and very short
linkers in between (Mascher et al, 2006). Many well investigated histidine kinases such as
the cell envelope stimulus sensors BceS (Dintner et al, 2011; Ohki et al, 2003), LiaS (Jordan
et al, 2006; Mascher et al, 2004) and VanS (Hong et al, 2004; Hutchings et al, 2006b)
belong to this group. The third group contains histidine kinases that are either
cytoplasmically located or membrane anchored and sense intracellular signals. In both
cases, the sensor domain of these histidine kinases is located inside the cytoplasm (Mascher
et al, 2006). This group of histidine kinases is exemplified by the well understood histidine
kinases, CheA from Proteobacteria (involved in chemotaxis) (Bilwes et al, 1999;
Parkinson, 1976) and KinA from B. subtilis (involved in sporulation) (LeDeaux et al, 1995;
Stephenson & Hoch, 2001).

Fig.2 Model of three histidine kinases groups. A) The extracellular- or periplasmic- sensing group; B) the
membrane-sensing group (sense membrane-associated or internal membrane signals) and C) the cytoplasmic-
sensing group including membrane-anchored or soluble histidine kinases (see text for details). The structural
parts of histidine kinase that perceive the stimulus are highlighted by different colors. The stimulus is shown in
red color. The figure is taken from (Mascher et al, 2006).

Response regulators can also be classified based on domain architecture (Galperin, 2006). It
is found that most response regulators (about 66%) contain a DNA binding effector domain,
with NarL family and OmpR family being the major types. These response regulators
should thus function as transcriptional regulators. Interestingly, 14% of response regulators

only have a receiver domain and might mediate a signal output by themselves. A
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considerable percentage of response regulators also contain an enzymatic, RNA-binding or
protein-binding effector domain (Galperin, 2006).

Separating the input and output modules into two proteins also makes the 2CS a more
flexible design in comparison with the 1CS. The signal does not necessarily pass from one
single histidine kinase to one single response regulator. Instead, cross-talk or cross-
regulation between histidine kinases and response regulators from different 2CSs can occur.
Moreover, in some cases, multiple histidine kinases can phosphorylate one single response
regulator, resulting in the signal integration. Conversely, in some cases, one single histidine
kinase can phosphorylate multiple response regulators, leading to the signal amplification
(Laub & Goulian, 2007).

1.1.3 ECF o factors

Since the term ECF o factor first appeared in 1994, these systems have been well
investigated in many microorganisms (Lonetto et al, 1994). Recently, owing to the large
available genome information in the database, a great number of proteins were assigned into
ECF family (Staron et al, 2009). The ECF o factors are a group of 679 family proteins, which
are involved in the transcription of some specific genes, generally related to the stress
response. They recognize the conserved promoter motif, typically with an “AAC” at -35
region. In many cases, they auto-regulate themselves. In addition, ECF o factors contain two
conserved o, and 64 domains. The 6, and 64 domains fulfill the function of RNA polymerase
binding and promoter recognition (Fig. 3) (Helmann, 2002; Mascher, 2013; Paget &
Helmann, 2003).

Similar to the 2CS, the signal transduction system governed by ECF ¢ factors also employs
different proteins as the signal input and output. Typically, an anti-c factor works as a signal
input module and an ECF o factor works as a signal output module. When there is no
stimulus, the anti-c factor binds to the ECF ¢ factor and affects the ability of the ECF o
factor to bind the promoter motif and RNA polymerase. Upon perceiving the stimulus, the
anti-o typically undergoes a regulated proteolysis or conformational change, which in either
case results in the release of the ECF o factor (Brooks & Buchanan, 2008; Helmann, 2002;

Mascher, 2013) (Fig. 3) (for detailed signaling mechanisms, see section 1.3).
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Stress conditions (= INPUT) No stress

Regulated proteolysis or
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Fig. 3 Overview of typical characteristics of ECF ¢ factors. Green color indicates the ECF ¢ factor and the
blue color indicates the anti-c factor and the general signaling mechanism of ECF o factor. The 6, and o4
domains of the ECF o factor are indicated with R2 and R4, respectively. The -35 region and -10 region of a
promoter motif are highlighted in red and a typical promoter consensus recognized by ECF ¢ factors is shown
below. The four subunits of RNA polymerase core enzyme are represented in grey color. TM represents the
transmembrane helix and CM represents the cytoplasmic membrane. This figure is taken from (Mascher,
2013).

1.2 ECF classification

In 2009, an ECF classification work was published from Thorsten Mascher’s lab (Staron et
al, 2009). Approximately 2700 ECF sequences from 369 microbial genomes were firstly
retrieved to build an initial ECF dataset. Then, a thorough phylogenetic analysis was carried
out based on the conservation of amino acid sequence in the , and o, domains. 43 major
ECF groups (individually containing more than 10 ECF sequences; group numbers 01-43)
(Fig. 4) and 24 minor groups (individually containing less than 10 ECF sequences; group
numbers 101-124) were thus obtained. This initial classification was further supported by
screening the presence or absence of a conserved genomic context, a conserved putative
promoter, an anti-c factor, an additional conserved domain or a reported common

physiological function for the ECF members in each group (Staron et al, 2009).



Chapter 1

El Acidobacteria D Cyanobacteria

D Actinobacteria D Firmicutes

. Bacteroidetes . Planctomycetes
] chiorobi ] Protecbacteria
D Chloroflexi [:l Thermotogae

other
sigma factors

Bsu SigB
Mtu SigF
Bsu SigF

Bsu SigG

Eco RpoH

Cer RpoH

Bsu Sigh

Eco RpoD

‘ Eco FliA
Bsu SigD
A

ECF-like

0.1 16

SigF

—

Fecl

Fig. 4 Phylogenetic tree of the major ECF groups found by Staron et al (Staron et al, 2009). For clarity, only
the 32 most important ECF groups that have at least 20 protein members in their dataset and/or conserved
genomic contexts were shown. The two phylogenetically most distant representatives of each group were
selected to build a tree here. A gapless multiple sequence alignment of the conserved o, and o4 domain of the
ECF o factors was first carried out, and then the tree was generated using the Least Squares method of the
Phylip (Felsenstein, 1989) programs PROTDIST and FITCH, which are run in BioEdit Sequence Alignment
Editor (Hall, 1999). The phylum distribution of each group is shown by different colors. Each group is shown
by a triangle and the length of the edges in each triangle reflects the phylogenetic diversity within the group.
Bsu, B. subtilis; Mtu, M. tuberculosis; Eco, E. coli; Ccr, C. crescentus. Some other o factors (they are not ECF
o factors) are also included in the tree. Typical experimentally validated ECF o factors (Fecl, SigF, RpoE,
EcfG, SigU, RpoT and SigK) belonging to different ECF groups are also shown in the figure. Due to minor
sequence dissimilarity in the o, and o, domains, group 43 is termed as an ECF-like group. This figure is taken
from (Staron et al, 2009).

Within this analysis, the well characterized RpoE-like and Fecl-like ¢ factors locate in the
groups 01-04 and groups 05-10, respectively. The ECF ¢ factor, RpoE from E. coli, which
is involved in cell envelope stress response (Raivio & Silhavy, 1999; Ruiz & Silhavy,
2005), belongs to the group 02, whereas the ECF o factor Fecl from E. coli, which is
involved in citrate-iron uptake (Angerer et al, 1995; Van Hove et al, 1990), is assigned to
the group 05. Five groups (ECF11-15) are linked to soluble anti-o factors and were thus
suggested to sense the cytoplasmic located stimuli. Some groups (e.g., ECF01, ECF41 and
ECF42) are distributed into different bacterial phyla, however other groups (e.g., ECF05-09
and ECF15) are phylum-specific (Fig. 4).
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The classification also identified several ECF groups (e.g., ECF41 and ECF42) with unusual
properties (Staron et al, 2009). ECF41 is a group that is widely distributed in different
bacterial phyla. This group of ECF o factors is highly conserved in amino acid sequence and
has an additional C-terminal domain with approximately 100 amino acids (Staron et al,
2009). In 2012, a work published by Wecke et al. shows that truncation of the C-terminal
extension of ECF41 o factors, Ecf4lg; (from Bacillus licheniformis) and Ecf4lgs, (from
Rhodobacter sphaeroides) significantly affects their activity in the transcription of the
downstream target genes. While a partial truncation of their C-terminal extension results in
hyperactive alleles, a complete loss of their C-terminal extension results in alleles almost
without any activity. Nevertheless, failure in finding out the activating stimulus and
phenotype linked to Ecf4lg; and Ecf4lgs, makes the in vivo role of this C-terminal
extension a mystery even still (Wecke et al, 2012). Further studies such as elucidating the
crystal structures of ECF41 o factors might help to explain their detailed regulatory

mechanisms.

ECF42 is another group of ECF o factors with an additional C-terminal domain and is
distributed in different bacterial phyla (Staron et al, 2009). Compared to ECF41, it has a
longer C-terminal extension with approximately 200 amino acids (Staron et al, 2009). In a
recent study, an ECF42 member, ECF10 from Pseudomonas putida KT2440 has been
shown to be involved in antibiotic resistance and biofilm formation (Tettmann et al, 2014).
However, the regulatory mechanism of ECF42 still awaits further experimental elucidation.

In 2011, a novel ECF group was proposed based on the analysis of ECF o factors
resembling a copper-dependent ECF o factor CorE (GOomez-Santos et al, 2011) and was
later termed as ECF44 by Thorsten Mascher (Mascher, 2013) . This group of ECF o factors
contains a cysteine-rich C-terminal domain with approximately 30 amino acids. They also
possess the conserved genomic contexts with predicted functions involved in copper

trafficking and handling (Gémez-Santos et al, 2011).

It should be pointed out although 68 ECF groups have been defined, they fail to cover the
whole ECF family present in the bacterial kingdom. While the identification of the group
ECF44 is based on the analysis of a number of CorE-like ECF o factors (Gomez-Santos et
al, 2011), the classification conducted by Staron et al. is highly biased (Staron et al, 2009).
Of the 369 genomes used for the classification conducted by Staron et al., 200 are derived

from Proteobacteria and 124 are derived from the three phyla, Bacteroidetes, Firmicutes,
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and Actinobacteria. Of the 1873 classified ECF sequences, almost 90% are derived from
these four phyla, with approximately half of the ECF sequences originating from

Proteobacteria alone (Staron et al, 2009).

Indeed, many ECF sequences identified by the rapidly increasing number of genomes
sequenced in recent years could not be assigned into any of these 68 ECF groups. In
particular, in some bacteria phyla (e.g. Planctomycetes), whose genomes are under-
represented in the 369 genomes used for the classification by Staron et al. (Staron et al,
2009), the vast majority of ECF o factors could not be assigned into these defined ECF
groups (see Chapter 2). Therefore, re-classification of these ECF sequences is necessary. In
this thesis, the ECF ¢ factors from an under-represented bacterial phylum, Planctomycetes,
and a well characterized bacterial phylum, Actinobacteria were chosen as two examples to

be classified and analyzed in depth (see Chapter 2 and Chapter 3).

1.3 Signaling mechanisms of ECF ¢ factors

The seven major types of signaling mechanisms of ECF o factors have been well
summarized by a recent review (Mascher, 2013). Based on the idea in this review, here,

each type of signaling mechanism and its typical examples are briefly introduced.

1.3.1 Regulated proteolysis of the anti-¢ factor

The ECF group 01-04 has been suggested to be activated through regulated proteolysis of its
cognate anti-o factor (Fig. 5a) (Mascher, 2013). Regulation of o= (belonging to ECF02 as
identified by Staron et al. (Staron et al, 2009)) from E. coli is one of the best investigated
examples of this mechanism. o is involved in responding to cell envelope stress such as the
unfolded outer membrane proteins (OMP) (Raivio & Silhavy, 1999; Ruiz & Silhavy, 2005).
The activation of " necessitates the stepwise degradation of its cognate anti-o factor RseA.
RseA is a single-pass transmembrane protein. Its N-terminal domain is located in the
cytoplasm where it binds to 6= (Campbell et al, 2003; De Las Penas et al, 1997; Missiakas et
al, 1997). Degradation of RseA begins with a cleavage of its C-terminal periplasmic part
between residues Val'*® and Ser'*° by a membrane located protease DegS (Ades et al, 1999;
Walsh et al, 2003). The C-terminal tails of unfolded OMP activate the activity of DegS
through binding to the PDZ domain of DegS (Walsh et al, 2003; Wilken et al, 2004). After

cleavage by DegS, the remaining portion of RseA further undergoes a proteolysis by a
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membrane embedded protease RseP. This occurs through cleavage of the part of o located
in the membrane or near the membrane. This results in the release of the RseANt™nal_E
complex into the cytoplasm (Akiyama et al, 2004; Alba et al, 2002; Kanehara et al, 2002).
The cytosolic proteases such as ClpXP and CIpAP further degrade the cytoplasmic part of
RseA and thus release the o protein (Chaba et al, 2007). Similar sequential proteolysis
mechanisms have also been found in the destruction of other anti-c factors (Hastie et al,
2013; Hastie et al, 2014; Heinrich & Wiegert, 2009). However, in addition to the proteases,
other proteins could also be implicated in modulating the activity of these anti-factors. For
example, for & in E. coli, RseB protects RseA from degradation by DegS and therefore

exerts negative regulatory roles on the activation of = (Cezairliyan & Sauer, 2007).

1.3.2 Conformational change of the anti-e factor

ECF o factors can also be disassociated from their bound anti-o factors through changing
the conformation of the anti-c factors (Fig. 5b). One of the best elucidated examples for this
mechanism is the regulation of o= (ECF11) from Rhodobacter sphaeroides. o is involved
in singlet oxygen response in Rhodobacter sphaeroides (Campbell et al, 2007; Greenwell et
al, 2011).

The activity of o= from R. sphaeroides is modulated by a cytoplasmic located anti-o factor
ChrR (Campbell et al, 2007; Newman et al, 1999). ChrR contains an N-terminal anti-c
domain (ASD) and a C-terminal cupin-like domain (CLD). The ChrR-ASD domain binds ¢*
and sterically blocks the RNA polymerase binding determinants of the o, and o4 domain of
oF. It is found that the inhibitory activity of the ASD to o requires the coordination of a
Zn?* ion by at least two conserved cysteine residues (Cysss, Cyssg) and a histidine residue
(Hiss) in the ASD (Campbell et al, 2007). The CLD domain also coordinates a Zn®* ion.
However, it appears that the CLD domain is not involved in the inhibitory activity exerted
by ChrR, but instead plays a role in the response to singlet oxygen (Campbell et al, 2007;

Greenwell et al, 2011). Upon sensing singlet oxygen by ChrR, the ChrR-c*

complex
disassociates, which results in the release of o allowing for the transcription of its target

genes (Greenwell et al, 2011).

1.3.3 Activation of ECF ¢ factors by protein-protein interaction

Activation of ECF ¢ factors can also be accomplished through protein-protein interaction
(Fig. 5c). Such a mechanism is suggested to be characteristic of ECF05-08 and ECF10
groups (Mascher, 2013) and has been elucidated in detail for the FecIR-FecA system from

11



Chapter 1

E.coli. Fecl functions as an ECF ¢ factor to participate in iron uptake in E.coli (Angerer et
al, 1995; Lonetto et al, 1994; Van Hove et al, 1990). FecR is a single pass cytoplasmic
membrane protein that binds to the o, domain of Fecl through its N-terminal cytoplasmic
domain (Mahren et al, 2002; Welz & Braun, 1998). FecA is a TonB dependent iron
transporter that is located in the outer membrane. Apart from iron transportation, it is also
critical in sensing extracellular iron-citrate. After binding to iron-citrate, FecA changes its
conformation (Ferguson et al, 2002; Harle et al, 1995; Kim et al, 1997; Yue et al, 2003).
This signal is further transmitted to FecR through direct protein-protein interaction, which
finally results in the activation of Fecl (Enz et al, 2003; Enz et al, 2000; Mahren & Braun,
2003; Ochs et al, 1995) to direct the transcription of fecABCDE iron uptake operon (Angerer
et al, 1995; Van Hove et al, 1990).

It should be pointed out that although FecR binds to Fecl, FecR might not function as a
typical anti-c factor. Anti-c factors generally inhibit the activity of their cognate ECF o
factor (Helmann, 1999; Hughes & Mathee, 1998). This is not the case for FecR. Before the
signaling activation, FecR slightly inhibits Fecl to bind with RNA polymerase (Mahren &
Braun, 2003). However, after induction by ferric citrate, the presence of FecR is critical for
the activity of Fecl in the transcription of its downstream genes (Ochs et al, 1995).
Nevertheless, the detailed mechanism of the positive role of FecR remains obscure. Indeed,
in some homologous systems in other microorganisms, the mechanism varies. For example,
in Pseudomonas putida WCS358, the FecR homolouge PupR does not show an activating
effects towards its cognate ECF o factor Pupl (Fecl homologue), yet, it displays an obvious
inhibitory effect towards Pupl (Koster et al, 1994).

12
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(a) Regulated proteolysis (b) Conformational changes
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Fig. 5 Models of ECF dependent signaling mechanisms. ECF ¢ factors are represented in green color and anti-
o factors are represented in blue color. The histidine kinases, serine/threonine kinases and response regulators
are represented in red color. “+” indicates the presence of stimulus and “-” indicates the absence of stimulus
(see the text for additional details). The figure is taken from (Mascher, 2013).
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1.3.4 Activation of ECF ¢ factors through a partner switch mechanism

The partner switch mechanism employs a third party protein to competitively bind to the
anti-o factor and thus release the ECF factor from its bound anti-c factor (Fig. 5d), which
has been described through the study of ¢=™ (ECF15) from o-Proteobacteria. = is
involved in the general stress response in a-Proteobacteria (Francez-Charlot et al, 2009;
Francez-Charlot et al, 2015). Release of 6=® from its bound anti-c factor NepR requires an
anti-anti o factor PhyR (Campagne et al, 2012; Francez-Charlot et al, 2009; Herrou et al,
2012). PhyR resembles a response regulator from a 2CS, yet with considerable differences.
The receiver domain of PhyR does not locate at the N-terminus of the protein, which is
employed by most classical 2CS response regulators, but instead, is located at the C-
terminus (Galperin, 2006; Gourion et al, 2006). Moreover, the N-terminal domain of PhyR
mimics an ECF o factor (Gourion et al, 2006; Staron et al, 2009) and is thus called a
factor like (SL) domain (Herrou et al, 2012). The difference between a PhyR-SL domain
and an ECF o factor is the lack of a “-10” promoter binding region in the o, domain and
many other conserved residues in the conserved o, and o, domains (Staron et al, 2009).
Upon receiving the environmental stimulus, PhyR is phosphorylated by the upstream
histidine kinases and changes its conformation to liberate the SL domain from the inhibition
by its C-terminal receiver domain. Furthermore, the free SL domain competes for binding to

EcfG

NepR, releasing the -~ (Campagne et al, 2012; Francez-Charlot et al, 2015; Herrou et al,

2012). It has been shown that the binding affinity between PhyR and NepR is much higher

EcfG

than that between o~ and NepR, which thus elucidates the mechanism underlying the

release of 6= from the NepR (Campagne et al, 2012).

1.3.5 Regulation of the activity of ECF ¢ factors by their C-terminal extension

As already discussed in section 1.2, the activity of ECF41 o factors could be modulated by
the additional C-terminal domain (Wecke et al, 2012). Indeed, the activity of ECF44
member, CorE is also controlled by its C-terminal domain (Gomez-Santos et al, 2011).
Although it is currently unclear whether other proteins are also involved in regulating the
activity of these ECF o factors, the already known findings suggest the C-terminal extension
is an important regulatory module for the activities of these ECF o factors. Nevertheless,
more experimental analysis is necessary to investigate how ECF o factors with extended

domains bind to the RNA polymerase and recognize the promoter motif.
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1.3.6 Transcriptional activation of ECF ¢ factors

ECF o factors do not necessarily use an anti-c factor as the signal input. Alternatively, they
can cooperate with a 2CS to mediate signal transduction (Fig. 5f), as is well exemplified by
the o (ECF39) from S. coelicolor (Fig. 6).

" is induced by a wide range of cell envelope disruptors and is important for maintaining
the cell envelope integrity (Hong et al, 2002; Paget et al, 1999a). The 4sigE mutant shows
approximately 50 times increased sensitivity to lysozyme and altered muropeptide profile
compared to the wild type. Moreover, the AsigE mutant sporulates poorly and over-produces
the pigment, actinorhodin on the medium deficient in Mg®* (Paget et al, 1999a).

Contrary to many ECF factors that auto-regulate their own transcription, the transcription of
the sigE gene necessitates an induced expression of a 2CS CseBC upon envelope stimulus
perception (Hong et al, 2002; Paget et al, 1999b). The sigE, cseB and cseC genes together
with another gene, cseA are located in the same operon (Paget et al, 1999b). It is suggested
that upon receiving the environmental stimulus, the histidine kinase CseC auto-
phosphorylates itself and transfers the phosphoryl group to its cognate response regulator
CseB. The phosphorylated CseB is then activated and further directs the transcription of the
sigE operon (Fig. 6) (Hong et al, 2002; Paget et al, 1999b). It appears that the transcription
of the sigE operon is solely dependent on CseB and that about 90% of the transcripts stop at
the terminal of the sigE gene (Hong et al, 2002; Paget et al, 1999b). The activation of the
expression of " elicits a signal output and is suggested to direct the transcription of the

envelope-stress-responsive genes (Fig. 6) (Hong et al, 2002; Hutchings et al, 2006a).

It should be pointed out here that CseA is a lipoprotein (Hutchings et al, 2006a), but the
detailed function is unknown. The Acse4 mutant shows an increased transcription of sigE
(Hutchings et al, 2006a). It is suggested that CseA might directly interact with CseC and
thus modulates the activity of this system. Alternatively, loss of CseA might destabilize the
cell envelope, which thus leads to the activation of CseBC (Hutchings et al, 2006a). But,

these hypotheses still await further experimental validation.

Two in vivo targets have been known to be controlled by o before. One is hrdD, encoding
an alternative house-keeping o factor (Paget et al, 1999a). The other one is the cwg operon,

which encodes proteins predicted to be involved in the synthesis of cell wall glycan (Hong
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et al, 2002). But no clear phenotype has been found for either hrdD mutant (Buttner et al,
1990) or cwg mutant (Hong et al, 2002). Therefore, the complete functional roles of o in
cell envelope response were unknown. In this study, a large number of genes were identified
to be controlled by o=, which provided a detailed biological understanding of the regulation

governed by o (see Chapter 4).
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of lipoprotein  response sensor
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cell envelope related genes

Fig. 6 Model of the 6= dependent cell envelope stress response in S. coelicolor (see the text for details). This
figure is taken from (Hutchings et al, 2006a).

1.3.7 Activation of ECF ¢ factors by Ser/Thr Kinases

Although there was no experimental evidence supporting that Ser/Thr kinases can modulate
the activity of ECF o factors, the conserved co-existence of Ser/Thr kinases and ECF o
factors belonging to group 43 on the same genomic context (Staron et al, 2009) strongly
suggests a regulatory relationship between them. Bacterial Ser/Thr kinases have been shown
to be involved in many physiological processes including cell development (Nadvornik et
al, 1999; Nariya & Inouye, 2005), cell division (Beilharz et al, 2012; Ruggiero et al, 2012),
cell virulence (Papavinasasundaram et al, 2005; Wiley et al, 2006) and cell metabolism
(Atsushi et al, 1994; Cowley et al, 2004). Typically, they exert function through
phosphorylation of their downstream regulators or functional proteins (Dworkin, 2015;
Pereira et al, 2011). It is hypothesized that Ser/Thr kinases might contribute to ECF o
factor-dependent signal transduction through integrating or sensing the upstream signal and
activating the ECF o factor by phosphorylation (Fig. 5g) (Mascher, 2013). Nevertheless,
further experimental evidence is necessary to demonstrate this hypothesis.
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1.4 General features of Planctomycetes and Actinobacteria phyla

Since our thesis focuses on the classification and functional characterization of ECF o
factors from Planctomycetes and Actinobacteria, the general features of these two phyla of

bacteria will be briefly introduced in the following paragraphs.

1.4.1 Planctomycetes

Planctomycetes are widely distributed in different environmental niches, e.g., soil (Buckley
et al, 2006), wetland (Kulichevskaya e