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Summary
Adaptation of many bacteria to changing environmental conditions is mediated by
the general stress response. The central regulator of this multifaceted pathway is
the transcription factor σs, which together with RNA polymerase core enzyme
promotes the expression of approximately 500 stress specific genes. The cellular
levels of σs are controlled transcriptionally, translationally and post‐translationally
via regulated protein degradation. At the molecular level, the degradation of σs is
mediated by the AAA+ protease ClpXP, however, the adaptor protein RssB is
essential for the delivery of σs to the protease. Furthermore, RssB‐mediated
degradation of σs can be modulated by stress specific anti‐adaptor proteins known
as Inhibitor of RssB activity (Ira) proteins.

Currently however, the molecular details of the interactions responsible not only for
the delivery of σs to the ClpXP protease, but also the mechanism of anti‐adaptor
inhibition remains unknown. This study has revealed that RssB is composed of
distinct N‐ and C‐terminal globular domains, which are joined by a flexible and
protease sensitive linker region. Both of these domains play a role in σs binding,
although the majority of the substrate‐binding interface is located on the C‐domain.
Nevertheless, phosphorylation of the N‐domain is critical in stabilising the
“substrate‐binding conformation” of RssB. These data also indicate that RssB is
responsible for docking to the N‐terminal domain of ClpX. Furthermore, anti‐
adaptors such as IraD and IraP use alternative mechanisms to inhibit σs
degradation. While, on the one hand, IraP competes directly with substrate binding
to the C‐domain of RssB, in contrast, IraD inhibits σs binding through docking to the
N‐domain of RssB. An improved understanding of the molecular details of this
SUMMARY x

degradation pathway, as gained here, may prove useful in the development of
antibacterial agents through inhibition of the anti‐adaptor proteins.
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Chapter 1
General Introduction

1.1 Bacterial stress response
Bacteria like most other organisms live in an ever‐changing environment,
whereby even under “normal” conditions they’re faced with several stresses.
Variability in temperature, availability of nutrients and DNA damaging agents
(e.g. oxidative stress), are constant obstacles that threaten bacterial survival.
However, to ensure cell survival, bacteria possess the ability to adapt to changes
in the environment. This ability to adapt is carried out by a series of global
regulatory networks that control the expression of specific genes in response to
the stress stimuli. Bacteria contain regulatory networks that are specific
towards certain stresses; for example, heat stress induces the heat shock
regulatory response. However, activation of these genes in response to specific
stimulons can also be activated via the master of many regulatory networks,
known as the general stress response. Unlike the specific stress response
systems such as the heat shock response, the general stress response is
activated by multiple stresses. This response can be induced upon entry of cells
into the stationary‐phase (“stationary‐phase stress response”), which renders
the cell resistance to multiple stresses. The unique physiology of cells in
stationary‐phase permits survival during periods of prolonged stress.

The intrinsic ability of cells to combat environmental stresses was discovered
over half a century ago. These discoveries were made through a number of
genetic studies that demonstrated the bacterial cells ability to up‐regulate
certain genes, whilst down‐regulating others via elaborate pathways (O'Farrell,
1975; Neidhardt et al., 1981; VanBogelen et al., 1987). The model Gram‐negative
bacterium, Escherichia coli, has been used extensively to study the transition of
bacteria from an exponential growth phase (where conditions are favourable for
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growth), to a cell survival state (stationary‐phase), which is synonymous with
the general stress response. At stationary‐phase onset, E. coli cells undergo a
global modification of their protein expression pattern, leading to the
acquisition of resistance to complex stresses (reviewed by Ishihama, 1997; Han
& Lee, 2006). Transition between these two states is achieved through a number
of complex regulatory pathways (Lange & Hengge‐Aronis, 1991; Mandel &
Silhavy, 2005). These pathways are regulated at the transcriptional,
translational and most importantly post‐translational level, whereby regulated
degradation is key to providing cellular survival and longevity.

1.1.1 The general stress response in E. coli
The general stress response in bacteria is characterised by a number of
morphological and physiological changes that take place, to provide cellular
survival to a range of different stresses (Lange & Hengge‐Aronis, 1991), from
nutrient starvation and moderate temperature downshifts (Sledjeski et al.,
1996), to high osmolarity (Muffler et al., 1996c) and pH downshifts
(summarised in Figure 1.1 and Table 1.1). As such, the general stress response
acts as a pre‐emptive measure to prevent subsequent cellular damage. This pre‐
emptive response occurs through the activation of a common set of genes that
are up regulated by σs, the stationary‐phase sigma subunit of RNA polymerase
(Lange & Hengge‐Aronis, 1991; McCann et al., 1991; Hengge‐Aronis et al., 1993).
Indeed, bacteria have developed intricate and complex signalling pathways that
permit their survival, in hostile environments and conditions. Therefore, the
following chapter will aim to describe some of these pathways, focusing in
particular on the general stress response in E. coli.
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Figure 1.1:

The stimulons that regulate σ s stability

The cellular levels of σs are regulated at the level of transcription, translation
and protein degradation. Stresses that stimulate rpoS transcription and
translation of σs (green box), and those that inhibit the degradation of σs (red
box) are outlined.

Over the years, a number of genes required for cell survival in response to a
range of general stresses have been identified. These genes included the master
regulator of the general stress response, σs (Lange & Hengge‐Aronis, 1991).
SigmaS (also referred to as σ38, RpoS or KatF) is encoded by the rpoS gene and
has been implicated in the regulation (either directly or indirectly) of
approximately 10% of the E. coli genome, which equates to approximately 500
genes (Lacour & Landini, 2004; Patten et al., 2004; Weber et al., 2005). These
genes are expressed not only during the transition into stationary‐phase, but
also in response to a number of different stresses (Weber et al., 2005).
CHAPTER 1 21

Table 1.1:

The stimulons that regulate σ s stability at the
transcriptional, translational and posttranslational
(proteolysis) levels.

Protein degradation

Translation Regulation

Transcriptional
Regulation

Stress

Reference

Reduced growth rate

(Lange & Hengge‐Aronis, 1991; Gentry et
al., 1993; Lange & Hengge‐Aronis,
1994a; Jishage et al., 1996; Notley &
Ferenci, 1996; Teich et al., 1999;
Hengge‐Aronis, 2000)

Aerobic/energy

(Mika & Hengge, 2005)

High cell density

(Lange & Hengge‐Aronis, 1994a)

High/Low temperature

Low pH
Aerobic/energy status

(Hengge‐Aronis et al., 1991; Sledjeski et
al., 1996; Muffler et al., 1997a; Kandror
et al., 2002; Nair & Finkel, 2004)
(Hengge‐Aronis et al., 1991; Lange &
Hengge‐Aronis, 1994a; Muffler et al.,
1996c; Majdalani et al., 2001; Stoebel et
al., 2009)
(Lee et al., 1995; Bearson et al., 1996)
(Mandin & Gottesman, 2010)

Late Exponential‐phase

(Lange & Hengge‐Aronis, 1994a)

Late Exponential‐phase

(Merrikh et al., 2009b)

High osmolarity
Low pH

(Muffler et al., 1996a)
(Bearson et al., 1996; Waterman & Small,
1996; Nair & Finkel, 2004)

High temperature

(Hengge‐Aronis et al., 1991; Muffler et
al., 1997a)

Aerobic/energy status
DNA damage/UV

(Mika & Hengge, 2005)
(Nair & Finkel, 2004; Bougdour et al.,
2008; Merrikh et al., 2009a)
(Lange & Hengge‐Aronis, 1994a;
Fredriksson et al., 2007)

High osmolarity

Carbon starvation
Magnesium starvation
Phosphate starvation

(Tu et al., 2006; Bougdour et al., 2008)
(Bougdour et al., 2006; Merrikh et al.,
2009b)

1.1.2 The master regulator of the general stress response, σs
Genetic analysis of cells entering stationary‐phase led to the discovery of the
central or master regulator of stationary‐phase, σs (Lange & Hengge‐Aronis,
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1991). The σs subunit is a relative of the constitutively expressed vegetative
sigma‐factor, σ70, and as such competes for binding to the RNA polymerase core
enzyme (Farewell et al., 1998). This competition directs the RNA polymerase to
specific promoters, mediating the expression of downstream σs‐dependent
genes. SigmaS is an inducible subunit of RNA polymerase, which under normal
cellular conditions, in rapidly growing cells, remains very low (Lange & Hengge‐
Aronis, 1994a). However, the levels of σs within the cell, rise rapidly in response
to a number of different stresses, such as anaerobiosis (Atlung & Brondsted,
1994), oxidative stress (Altuvia et al., 1994), and osmotic stress (Hengge‐Aronis
et al., 1993), together with those previously mentioned (Figure 1.1). Consistent
with various stimuli affecting the σs regulon, the rpoS gene was first identified
through its involvement in a number of different functions. These functions
included near‐UV resistance (Tuveson & Jonas, 1979), as a regulator for the
katE‐encoded catalase HPII (katF) (Sak et al., 1989; Loewen & Hengge‐Aronis,
1994), exonuclease III (xthA) (Sak et al., 1989), acidic phosphatase (appR)
(Touati et al., 1986); and as a starvation‐inducible gene encoding a central
regulator for the stationary‐phase inducible genes (cis2) (Lange & Hengge‐
Aronis, 1991). Nevertheless, it is now apparent that the accumulation of σs and
activation of specific σs‐controlled gene products act as a regulator for many
cellular processes. The metabolic state of a cell is one process that is controlled
by σs‐dependent genes (Weber et al., 2005; Dong & Schellhorn, 2009). In the
instance of nutrient limitation, the metabolism of the cell switches from one of
maximal growth, to a “maintenance” state. Similarly, during extreme stress, σs
controlled genes also mediate programmed cell death. The sacrifice of a small
population of cells under extreme stress conditions, provides a supply of
nutrients to other cells permitting further survival (Bishop et al., 1998). In
CHAPTER 1 23

addition to these survival mechanisms, virulence genes have been reported to
be under the control of σs in pathogenic enteric bacteria (reviewed by Dong &
Schellhorn, 2010). For example, expression of curli, which is a major
proteinaceous component of the extracellular matrix produced by enteric
pathogens, is dependent on σs activation (Olsen et al., 1993). Curli is an essential
component required for colonisation of host organisms (Gophna et al., 2001;
Gophna et al., 2002). In addition to curli, other genes also under the positive
control of σs have been implicated in similar processes (Krogfelt et al., 2000;
Price et al., 2000). These characteristics, together with σs regulated genes
responsible for biofilm production in uropathogenic E. coli (UPEC) (Collet et al.,
2008); all contribute to the survival of these pathogenic organisms. Therefore
because of the important role of σs in these pathogenic organisms, it is
important to gain a fuller understanding of the regulation of σs, not only at the
transcriptional and translational level, but also at the level of protein
degradation.

1.2 Transcriptional regulation of rpoS
Soon after the identification of σs and its involvement as a stationary‐phase
regulator, σs was also identified as being induced at the transcriptional level in
stationary‐phase (Lange & Hengge‐Aronis, 1991). Since then however, it has
become clear that σs is predominately regulated at the post‐transcriptional level
(Loewen et al., 1993; McCann et al., 1993; Lange & Hengge‐Aronis, 1994a).
Nonetheless, translation and protein degradation are not exclusively
responsible for regulating σs levels. Regulation at the level of transcription also
occurs in response to a decrease in growth rate (Lange et al., 1995). SigmaS
levels in this instance are affected by a number of regulatory components that
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act at the level of transcription (Table 1.2) (Lange et al., 1995). Under these
conditions, rpoS transcription is activated 5‐ to 10‐fold (Mulvey et al., 1990;
Schellhorn & Stones, 1992; McCann et al., 1993; Lange & Hengge‐Aronis, 1994a;
Takayanagi et al., 1994).
Table 1.2:

Genes and proteins implicated in the regulation of rpoS
transcription

Transcriptional Regulation

Gene(s)

Description

Effect on rpoS
Transcription/
Translation

Reference

(Mukhopadhyay et
al., 2000), (Pernestig
et al., 2001)
(Oshima et al., 2002)

barA

encodes BarA, a histidine sensor
kinase

Positive

uvrY

encodes UvrY, a two‐component
response regulator

Negative

crp

encodes CRP (catabolite response
protein)

Negative

(Lange & Hengge‐
Aronis, 1994a)

crr

encodes EIIA(Glc) (glucose‐specific
EII component of the
phosphotransferase system)

Negative

(Ueguchi et al., 2001)

relA/spoT

encodes RelA (ribosome associated
protein) & SpoT (cytosolic protein)

Positive

(Hirsch & Elliott,
2002)

ppk/ppx

encodes PPK (polyphosphate
kinase) & PPX
(exopolyphosphatase)

Positive

(Shiba et al., 1997)

Interestingly, there are several promoters that promote rpoS transcription
(Takayanagi et al., 1994; Lange et al., 1995). The rpoS gene is present in an
operon with nlpD, which is located upstream of rpoS and codes for an outer
membrane lipoprotein that is postulated to be involved in cell wall formation
and maintenance (Ichikawa et al., 1994; Lange & Hengge‐Aronis, 1994b; Lange
et al., 1995). However, more recently, this gene product has been implicated in
cell separation (i.e. septal peptidoglycan splitting) and virulence, whereby in the
plague causing bacterium, Yersinia pestis, mutation of this gene greatly reduces
its pathogenicity (Tidhar et al., 2009; Uehara et al., 2009). Promoters present
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upstream of nlpD (nlpDp1 and nlpDp2) and within the nlpD gene itself (rpoSp)
generate either poly‐ or mono‐cistronic rpoS mRNA, respectively (Figure 1.2)
(Lange & Hengge‐Aronis, 1994a; Takayanagi et al., 1994; Lange et al., 1995).
Production of the mono‐cistronic rpoS mRNA contains a long 5´ untranslated
region, which is critical for translational regulation (see section 1.3.1), and when
deleted leads to a 20‐fold reduction in σs expression, both in exponential and
stationary‐phase (Lange et al., 1995). These findings demonstrated that the
rpoSp promoter mainly drives rpoS transcription and that deletions of the
nlpDp1 and nlpDp2 promoters, which have no effect on stationary‐phase
induction of rpoS, contribute to the basal expression of σs during exponential
growth of the cells (Lange & Hengge‐Aronis, 1994b; Lange et al., 1995).

Figure 1.2:

Schematic representation of the rpoS promoter region

Transcriptional control regions that lie upstream of rpoS. Arrows signify the
positions of the promoters responsible for the transcription of poly‐ and
mono‐cistronic rpoS mRNA, while genes pcm and nlpD upstream of rpoS are
represented by the large arrows (grey).

1.2.1 Transcriptional regulation of rpoS by transacting factors
Regulation of gene expression by trans‐acting molecules is quite common across
all biological systems. Transcription of rpoS is negatively regulated by cyclic
adenosine monophosphate (cAMP) and catabolite response protein (CRP)
(Lange & Hengge‐Aronis, 1991). Indeed, consistent with negative regulation by
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cAMP‐CRP, the level of σs and the transcriptional rpoS::lacZ fusions, are high
during exponential phase in strains carrying mutations in cya (encoding
adenylate cyclase) or crp (encoding the CRP), (Lange & Hengge‐Aronis, 1991).
This effect can be reversed by addition of cAMP (Lange & Hengge‐Aronis, 1991;
Lange & Hengge‐Aronis, 1994a).

Not surprisingly, regulation of rpoS transcription in various Pseudomonas
species, shares a number of similarities with E. coli. Regulatory pathways
involving the two‐component response system GacS‐GacA and the quorum‐
sensing system, Las‐Rhl, have been implicated in regulatory roles involving rpoS
transcription. GacA (termed UvrY or YecB in E. coli), a two‐component response
regulator and its cognate histidine sensor kinase, GacS (Hrabak & Willis, 1992;
Rich et al., 1994), control downstream pathways such as the LasI‐LasR quorum‐
sensing system, which in turn regulates a secondary quorum‐sensing system,
RhlI‐RhlR (Latifi et al., 1996; Pesci et al., 1997; Reimmann et al., 1997). In
addition to greatly reducing σs levels, mutations in gacA or gacS have been
reported to also reduce the transcriptional expression of an rpoS::lacZ fusion
during transition into stationary‐phase (Whistler et al., 1998). Similar results
have also been described for the E. coli homolog of GacS (BarA), in which
mutational analysis of barA resulted in reduced levels of rpoS mRNA
(Mukhopadhyay et al., 2000).

1.2.2 Small molecules regulating rpoS transcription
The alarmone, guanosine 3´, 5´‐bispyrophosphate (ppGpp), is an intracellular
signalling molecule that is produced in response to harsh environmental
conditions. Synthesis of ppGpp triggers what is known as the stringent response
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(Cashel & Gallant, 1969), characterised by profound changes in the
transcriptome of starved cells, including the cessation of rRNA biosynthesis,
activation of genes encoding amino acid biosynthetic pathway proteins, and the
stationary‐phase sigma factor, σs (Gentry et al., 1993). In E. coli, the levels of
ppGpp are increased considerably in response to limitations in amino acids,
carbon, nitrogen, and phosphate (Irr, 1972; Xiao et al., 1991; Spira et al., 1995;
Spira & Yagil, 1998). Amino acid starvation causes an increase in the cellular
concentration of uncharged tRNAs, which in turn, is sensed by the ribosome‐
associated protein RelA, one of two enzymes involved in the synthesis of ppGpp
(Haseltine & Block, 1973). Similarly, non‐amino acid starvation results in the up‐
regulation of SpoT, the second enzyme involved in ppGpp synthesis (Hernandez
& Bremer, 1991; Seyfzadeh et al., 1993; Gentry & Cashel, 1996; Murray &
Bremer, 1996). The synthesis and accumulation of ppGpp then binds directly to
RNA polymerase, which positively affects the expression of many genes
including rpoS (Lange et al., 1995).

1.2.3 Regulating rpoS transcription by inorganic polyphosphate
Transcriptional regulation of σs has also been shown to be under the control of
inorganic polyphosphate. Inorganic polyphosphate is a linear polymer of many
phosphates linked by high‐energy phosphoanhydride bonds (reviewed by
Kornberg et al., 1999). The role of polyphosphate within cells has been
described, ranging from phosphate and energy reservation, to the regulation of
enzyme activity and formation of membrane channels, but has also been
implicated in gene regulation (Kulaev & Vagabov, 1983; Reusch, 1992;
Kornberg, 1995; Docampo & Moreno, 2001). Inorganic polyphosphate often
accumulates in stationary‐phase cells under various stress conditions (Kulaev &
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Vagabov, 1983; Kornberg et al., 1999). In E. coli, its accumulation is attributed to
both the synthesis by polyphosphate kinase (encoded by ppk) and through the
inhibition of degradation by exopolyphosphatases (encoded by ppx and gppA)
(Kornberg et al., 1956; Kornberg, 1957; Ahn & Kornberg, 1990; Akiyama et al.,
1993; Kuroda et al., 1997). Regulation of polyphosphate occurs through ppGpp,
which positively regulates polyphosphate through inhibition of its degradation
by ppx‐encoded exopolyphosphatase (Kuroda et al., 1997). Interestingly,
mutants lacking the ability to form polyphosphates (mutation within ppk) have
diminished abilities to survive within stationary‐phase (Crooke et al., 1994; Rao
& Kornberg, 1996). These results were correlated to a strain containing the
yeast exopolyphosphatase, in which over‐expression of the exopolyphosphatase
impaired the strain’s ability to form multiple stress resistance and survive
within the stationary‐phase (Shiba et al., 1997). Coinciding with these results,
diminished levels of the transcriptional fusion, rpoS::lacZ, were observed in
strains over‐expressing exopolyphosphatase (Shiba et al., 1997).

1.3 Translational regulation of rpoS
The accumulation of σs and hence the induction of σs‐dependent genes as
mentioned above (section 1.1) is based on the complex interplay of regulatory
mechanisms operating at different levels. At the translational level, rpoS mRNA
is stimulated by hyper osmotic shift (Lange & Hengge‐Aronis, 1994a; Muffler et
al., 1996c), low temperature (Sledjeski et al., 1996), shift to acidic pH (Hengge‐
Aronis, 2002) and during late exponential phase when high cell density is
reached (Figure 1.1) (Lange & Hengge‐Aronis, 1994a). A number of factors have
been identified in the activation of rpoS translation, which involve the structural
rearrangement of rpoS mRNA (Lange & Hengge‐Aronis, 1994a), the RNA‐
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chaperone Hfq (Muffler et al., 1996b) and the involvement of several regulatory
small RNAs (Argaman et al., 2001; Wassarman et al., 2001; Eddy, 2002; Storz,
2002).

1.3.1 The rpoS mRNA secondary structure
As mentioned previously (Figure 1.2), there are two different species of rpoS
mRNA. The first, is the polycistronic nlpDrpoS mRNA, which is transcribed from
the nlpDp1 or nlpDp2 promoters, whilst the second is a monocistronic mRNA

Figure 1.3:

Schematic
structure

representation

of

rpoS

mRNA

secondary

RpoS mRNA has several self‐regulatory mechanisms that prevent translation
in the absence of stress. The translation start site is sequestered from
ribosomal binding by the 5´ leader sequence or 5´ untranslated region (5´
UTR). Activation of σs expression requires the binding of sRNA to two regions
on the rpoS mRNA (light and dark grey boxes), along with the RNA‐binding
protein Hfq.
that is transcribed from the rpoSp promoter present within the nlpD gene.
Interestingly, under growth conditions that favour the production of a
considerable amount of rpoS mRNA, the levels of σs remain low (Arnqvist et al.,
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1994; Muffler et al., 1997b). The translation of σs from existing rpoS mRNA, is
thought to be largely controlled by an intra‐molecular stem loop structure in the
mRNA. This structure is located in the translational initiation region (TIR),
which sequesters the ribosome‐binding site (RBS) (Figure 1.3) (Lange &
Hengge‐Aronis, 1994a). This segment can be opened by hybridisation to a
variety of non‐coding small RNAs (sRNAs), such as DsrA and RprA (section
1.3.2), in conjugation with the RNA chaperone, Hfq (Figure 1.4) (Zhang et al.,
2003; Storz et al., 2004; Updegrove et al., 2008; Waters & Storz, 2009).
1.3.2 Transacting factors affecting rpoS translation
Hfq is a small RNA‐binding protein that not only stabilises sRNAs, but also
enhances RNA‐RNA interactions (Brown & Elliott, 1996; Muffler et al., 1997b;
Moller et al., 2002; Zhang et al., 2002). In particular, Hfq stimulates the turnover
of ompA, miaA, mutS and hfq mRNA in E. coli, by increasing polyadenylation
(Tsui et al., 1997; Vytvytska et al., 1998; Hajnsdorf & Regnier, 2000; Vytvytska et
al., 2000). E. coli strains lacking hfq are sensitive to multiple stresses, including
starvation. Interestingly, E. coli strains bearing mutations in hfq exhibit a similar
phenotype to rpoS mutant strains (Muffler et al., 1997b). Consistently, Hfq has
been shown to play a role in the translation of rpoS (Muffler et al., 1996b),
however the mode of action by which Hfq functions is currently unclear.
Nevertheless, a number of models have currently been proposed. The first
suggests that Hfq directly acts on rpoS mRNA by stabilising the secondary
structure of the rpoS mRNA (Muffler et al., 1996b; Zhang et al., 1998; Majdalani
et al., 2001; Sledjeski et al., 2001; Ueguchi et al., 2001). Binding of Hfq is thought
to shift the equilibrium of the rpoS mRNA secondary structure, from a less active
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Figure 1.4:

Activation of σ s translation by the sRNA, DsrA, mediated
by the RNA chaperone, Hfq

Model showing the activation of σs translation. Initially the rpoS mRNA
inhibitory stem‐loop is (1) activated through association by base‐pairing of the
sRNA (e.g. DsrA) to the inhibitory hairpin stem‐loop of the rpoS mRNA, which is
dependent on the RNA chaperone, Hfq. (2) Base pairing of the sRNA to the rpoS
inhibitory hairpin stem‐loop, opens and exposes the RBS. (3) The ribosome
binds to the RBS and σs is translated.
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form, where translation is inefficient, to an active form that permits easy access
to the ribosome. The alternate model suggests that Hfq works independent of
affecting the secondary structure of rpoS mRNA. This model describes Hfq as a
‘platform’ for binding of other regulatory molecules, which are involved in the
translational control of rpoS. Consistent with this model, Hfq has been shown to
interact directly with several small regulatory RNAs (DsrA, RprA, ArcZ and OxyS
(see below for details)), which have been shown to regulate rpoS translation
(Sledjeski et al., 1996; Zhang et al., 1998). Moreover, Hfq is able to stimulate
base pairing, between the sRNA and the target mRNA to promote a specific
response, which either inhibits or enhances translational initiation (Kawamoto
et al., 2006). To date, a total of four sRNAs have been identified, which function
to regulate σs translational. Three of which (DsrA, RprA, and ArcZ) positively
regulate rpoS translation (Lease et al., 1998; Majdalani et al., 1998; Majdalani et
al., 2002), while a single sRNA, OxyS, has a negative effect on rpoS translation
(Altuvia et al., 1997; Zhang et al., 1998). Each of these sRNAs are expressed in
response to different stress conditions (Majdalani et al., 2001; Repoila &
Gottesman, 2001; Wassarman et al., 2001).

To date, the translational regulation of rpoS by sRNAs, has been most
extensively studied using DsrA, although there are several parallels between
DsrA and the other regulatory RNAs. As such, the next section will focus,
primarily on the role of DsrA in the regulation of rpoS translation. DsrA
(downstream from RcsA) was originally discovered in a study that examined
capsule regulation in E. coli (Sledjeski & Gottesman, 1995) and later shown to be
required for translation of rpoS at low temperature (Repoila & Gottesman, 2001;
Repoila & Gottesman, 2003). Biochemical analysis of DsrA has revealed that the
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mechanism that DsrA employs to promote translation of rpoS mRNA is via an
interaction with the rpoS mRNA, which is facilitated by Hfq (Figure 1.4) (Lease &
Woodson, 2004). In vivo studies have demonstrated that DsrA hybridises with
the predicted rpoS mRNA duplex segment (self inhibitory stem) at a position
that lies upstream of the start codon (Cunning et al., 1998; Majdalani et al., 1998;
Majdalani et al., 2002; Soper et al., 2010). This hybridisation that occurs
between DsrA and the rpoS mRNA, induces a structural change in rpoS mRNA
that permits accessibility to the RBS present on the other strand (Lease &
Woodson, 2004). Recently however, the role of DsrA and its involvement in
stimulating rpoS translation has expanded to involve a second function.
Northern blot analysis comparing rpoS mRNA levels in strains lacking dsrA and
rprA (see below) resulted in reduced rpoS mRNA levels (McCullen et al., 2010).
When compared to WT strains, containing both DsrA and RprA, there was an
accumulation in rpoS mRNA. These findings are consistent with a stabilisation of
rpoS mRNA by base pairing to these sRNAs and potentially preventing the RNase
E‐dependent degradation of the target mRNA (McCullen et al., 2010).

DsrA is an 87 nucleotide RNA, which folds into a stem loop structure and
contains a small single‐stranded region that is complementary to an element
within the 5´ UTR of rpoS mRNA. Binding of DsrA to rpoS mRNA is facilitated by
formation of a ternary complex with Hfq, which results in the activation of
translation. In order for sRNAs, such as DsrA to activate rpoS translation, Hfq
requires a (AAN)4 repeat element with the 5´ UTR of rpoS (Soper & Woodson,
2008; Updegrove et al., 2008). Truncation or mutation of this 5´ UTR, prevents
specific Hfq binding to the mRNA and reduces interaction with DsrA (Soper &
Woodson, 2008). Fluorescence resonance energy transfer (FRET) experiments
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have demonstrated that Hfq enhances the interaction of DsrA and the rpoS
mRNA by facilitating the annealing of DsrA to rpoS mRNA, and unwinding the
inhibitory stem of the rpoS mRNA (Arluison et al., 2007). Using a similar
approach, it was also shown that both rpoS mRNA and DsrA bind to Hfq at the
proximal RNA‐binding site (Hwang et al., 2011). Interestingly, competition of
both RNA molecules for the same site conferred a greater overall annealing
efficiency, which suggests that when two RNAs compete for the same binding
site, the probability that both complementary sequences are properly aligned is
increased in comparison to binding at different sites. This hypothesis is
consistent with the idea that Hfq acts to increase the local concentration of both
RNAs (Hwang et al., 2011). However, binding of Hfq results in reduced stability
of the rpoS mRNA, suggesting that partial unwinding of the RNA also occurs in
the presence of Hfq (Hwang et al., 2011).

Consistent with the findings for DsrA, RprA and ArcZ also regulate translation of
σs by base pairing to the 5´ UTR of rpoS (Majdalani et al., 2002; Soper et al.,
2010). All three of these sRNAs are expressed in response to different stress
conditions (Majdalani et al., 2001; Repoila & Gottesman, 2001; Wassarman et al.,
2001). RprA (RpoS regulator), a 105 nucleotide RNA, was identified during a
screening of a multi‐copy library that increased the translation of rpoS‐lacZ
(translational fusion) in the absence of dsrA (Majdalani et al., 2001). RprA in
contrast to DsrA has been found to stimulate σs synthesis in response to cell
envelope stress, and a modest effect has been observed in response to osmotic
stress (Majdalani et al., 2001; Majdalani et al., 2002).
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ArcZ functions to positively regulate σs translation (Argaman et al., 2001;
Wassarman et al., 2001). Processing of ArcZ from a 121 nucleotide RNA to a
stable 56 nucleotide specie is required for the formation of a strong Hfq‐
dependent ternary complex with the 5´ UTR of rpoS mRNA (Argaman et al.,
2001; Papenfort et al., 2009; Soper et al., 2010). Although the sequences of these
regulatory RNAs differ, the mechanistic details appear to be conserved (Mandin
& Gottesman, 2010; Soper et al., 2010). Common to all of these sRNAs, they
interact with Hfq and activate translation by opening the stem‐loop structure of
the rpoS 5´ UTR, allowing access to the RBS (Majdalani et al., 1998; Majdalani et
al., 2002; Mandin & Gottesman, 2010). Apart from binding to rpoS mRNA to
promote translation, it’s also postulated that hybridisation of sRNAs to target
mRNA promotes stabilisation of the target mRNA, in turn protecting it from
degradation (McCullen et al., 2010).

In contrast to the other sRNAs, OxyS is a negative regulator of rpoS translation.
Encoded by the oxyS gene, this regulatory sRNA is induced upon exposure to
hydrogen peroxide (oxidative stress) (Altuvia et al., 1997; Zhang et al., 1998).
Consistent with the positively regulating sRNAs, OxyS also associates with Hfq
(Zhang et al., 1998), however the mechanism of action of OxyS, is currently
poorly understood. Nonetheless, based on secondary structural predictions,
OxyS seems to share structural similarities with DsrA (Hengge‐Aronis, 2002).
However, in contrast to DsrA, a linker region in OxyS seems to align with the
RBS of the rpoS mRNA, suggesting that repression of σs translation may occur
through the occlusion of the RBS by OxyS base pairing (Zhang et al., 2002).
Nevertheless, current evidence for a direct interaction with rpoS mRNA is
lacking. On the other hand, co‐immunoprecipitation experiments, which confirm
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an interaction with Hfq, suggest an alternative model for the regulation of rpoS
translation by OxyS (Zhang et al., 1998). This model proposes that the negative
regulation of rpoS, by OxyS, is achieved through competitive binding to the Hfq‐
sRNAs binding site. For instance, competitive binding to Hfq may hinder the
binding of positive regulatory sRNAs, which in turn inhibits rpoS translation
(Zhang et al., 1998).

Table 1.3:

Genes and proteins implicated in the regultion of rpoS
translation

Translational Regulation

Gene(s)/
Protein(s)

Description

Effect on rpoS
Transcription/
Translation

Reference

(Brown & Elliott,
1996), (Muffler et al,
1996)
(Balandina et al, 2001)

Hfq

RNA binding molecule

Positive

HU

Bacterial nucleoid protein,
involved in nucleoid structure
and topology, but also
participates in specific gene
regulation

Positive

H‐NS &
StepA

Histone‐like proteins with
function in nucleoid
organization and gene
regulation

Negative

(Barth et al, 1995),
(Yamashino et al,
1995)

DsrA,
OxyS,
RprA,
ArcZ

Small regulatory RNAs (sRNA),
that bind specifically to target
mRNA

Positive
Negative
Positive
Positive

(Sledjeski et al, 1996),
(Zhang et al, 1998),
(Majdalani et al, 2001),
(Argaman et al, 2001),
(Wassarman et al,
2001)

LeuO

LysR‐like regulator

Negative

(Klauck et al, 1997)

DnaK

Heat shock chaperone

Positive

DksA

Putative zinc binding protein

Positive

(Rockabrand et al,
1995), (Rockabrand et
al, 1998)
(Webb et al, 1999)

EIIA(Glc)

Glucose specific EII
component of the
phosphotransferase system
RNA binding proteins

Negative

(Ueguchi et al, 2001)

Positive

(Phadtare & Inouye,
2001), (Cohen‐Or et al,
2010)

CspC, CspE
& CsdA
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In addition to the few examples described here in regards to the translational
regulation of σs, a substantial number of other molecules have also been
identified (summarised in Table 1.3). Their role however, is yet to be
characterised and whether these molecules directly or indirectly affect the
stability of the rpoS mRNA, remains to be seen.

1.4 Regulated degradation of σ s
The regulation of σs at the levels of transcription and translation, although
rather extensive, only accounts for a fraction of the overall regulation.
Proteolysis of σs plays a major role in controlling the levels of σs during the
various growth phases of the bacterial life cycle. As mentioned previously
(section 1.1.2), the relative amounts of σs present within the exponential growth
phase are extremely low, which is largely a result of the energy‐dependent AAA+
protease, ClpXP (Schweder et al., 1996), and the two‐component response
regulator RssB (Muffler et al., 1996a; Pratt & Silhavy, 1996; Klauck et al., 2001;
Zhou et al., 2001). In the absence of RssB, the ClpXP protease is unable to
recognise σs, and hence RssB is required for the successful removal of σs from
the cell. Importantly, RssB itself is not degraded in the process of substrate
delivery and therefore is able to perform numerous cycles of substrate binding
and delivery (Zhou et al., 2001). As a consequence, the limiting factor for σs
degradation is RssB, which is present within the cell at very low levels
(approximately 1 molecule of RssB for every 25 molecules of σs) (Becker et al.,
2000). Independent of the levels of RssB, the interaction with σs is modulated by
phosphorylation (Bouche et al., 1998; Becker et al., 1999; Moreno et al., 2000;
Klauck et al., 2001; Zhou et al., 2001). Although the phosphate donor (acetyl
phosphate, AcP) and the two‐component system ArcA/B have been shown to
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trigger RssB phosphorylation (Bouche et al., 1998), a dedicated phosphatase or
histidine kinase has yet to be identified. Regardless of how RssB is
phosphorylated, the mechanistic effect of phosphorylation on RssB and the
relevance it plays with respect to the regulation of σs remains unclear and
currently several models exist to describe the contribution of phosphorylation.
Most recently, it has been shown that the stability of σs is also controlled by
another group of proteins termed Ira (Inhibitor of RssB activity). Currently,
three Ira proteins have been identified: IraP, IraD and IraM, which stabilise σs in
response to phosphate starvation, DNA damage and magnesium starvation,
respectively (Bougdour et al., 2006; Bougdour et al., 2008). However, to date
little is known about the mechanism by which these anti‐adaptors inhibit the
RssB‐mediated delivery of σs to ClpXP. The following section will focus on our
current understanding of the components involved in the regulated turnover of
σs .

1.4.1 The AAA+ protease, ClpXP
In the cytosol of E. coli there are five ATP‐dependent proteases (ClpXP, ClpAP,
HslUV, Lon and FtsH). These proteases sometimes referred to as AAA+ proteases
are composed of two components (which have specific, but separate functions):
a peptidase component and an AAA+ (ATPase associated with a variety of
cellular activities) unfoldase component, hence the name AAA+ protease.
Specifically, ClpXP is the protease responsible for the turnover of σs, and as with
other AAA+ proteases, it is composed of two components. The peptidase, ClpP, is
composed of two heptameric rings that stack back‐to‐back. The active sites of
ClpP are located in an aqueous chamber present within the barrel structure of
ClpP, whereby access to the proteolytic chamber is limited by a narrow 10 Å
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axial portal (Wang et al., 1997). This narrow pore only permits the passage of
unfolded polypeptides or short peptides, and as a consequence, association with
the AAA+ chaperone is required for the degradation of folded proteins. As such,
the barrel shaped ClpP oligomer is flanked by a hexameric AAA+ unfoldase
component (e.g. ClpX) at one or both ends.

The first step in the degradation of specific proteins involves recognition of the
substrate by the unfoldase (ClpX). ClpX recognises a number of specific peptide
sequences or motifs (known as tags or degrons), which are often located at the
N‐ or C‐terminus of the substrate protein (Flynn et al., 2003). Whilst, most of

Figure 1.5:

Substrate recognition and degradation by AAA+ proteases

Simple cartoon illustrating the recognition and degradation of substrates
containing a degradation tag by ClpXP. Initially (1) the substrate is
recognised by ClpX. The bound substrate is then unfolded (2) and
translocated (3) by ClpX in an ATP‐dependent fashion into the catalytic
chamber of the peptidase component (ClpP), where hydrolysis of peptide
bonds occurs to generate peptides (~5‐25 amino acids in length).
these motifs are intrinsic to the protein, some proteins require a processing
event or modification for ClpX recognition to occur (i.e. the SsrA‐tag (see
below)). The localisation of these tags at the N‐ or C‐terminus of the substrate,
allows for easy recognition and access to ClpX. Following substrate recognition
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(Figure 1.5, step 1), ClpX proceeds to unfold the substrate (Figure 1.5, step 2), in
an ATP‐dependent fashion, and translocates (Figure 1.5, step 3) the unfolded
polypeptide into ClpP for degradation into small peptides (Thompson et al.,
1994; Kim et al., 2000; Ortega et al., 2000; Ortega et al., 2002).

Figure 1.6:

Modular design of E. coli ClpX

The domain structure of ClpX comprised of a AAA+ domain with two
subdomains (large and small) and the highly conserved Walker‐A
(GXXXXGK(T/S)) (red) and Walker‐B (hhhhDE) (green) motifs. In addition to
these domains, substrate interaction regions like the N‐domain (light blue),
pore‐1 (mandarine) and pore‐2 motifs (orange), but also the involvement of
the pore‐2 loop in ClpP interaction, form parts of the large AAA+ domain. Also
part of this domain is the IGF loop (light blue), which serves as the site of
interaction with the peptidase (ClpP), along with the senor‐I (pink), SRH
(brown) and the arginine finger (yellow) involved in ATP hydrolysis. In
regards to the smaller AAA+ subdomain, it to contains a conserved arginine
also required for ATP hydrolysis and a sensor‐II element (light pink).

A common feature of the AAA+ superfamily of proteins is the presence of a AAA+
domain spanning 200‐250 amino acids. This domain is comprised of a large and
small subdomain in which binding of ATP occurs in a cleft between the two
subdomains and the adjacent subunit (Kim & Kim, 2003; Glynn et al., 2005).
Present within this cleft are the conserved sequence motifs: Walker‐A and
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Walker‐B, pore‐1 and ‐2 loops, SRH (second region of homology), and the
sensor‐I and ‐II motifs (Figure 1.6) (Walker et al., 1982; Neuwald et al., 1999;
Kim et al., 2001; Iyer et al., 2004). In addition to these elements, an IGF loop also
comprises this domain.

The Walker‐A and Walker‐B motifs are integral parts of the AAA+ domain, which
function in the binding and hydrolysis of ATP respectively. The conserved lysine
residue within the Walker‐A consensus sequence (GXXXXGK(T/S), where X is
any amino acid) is critical for ATP binding (Saraste et al., 1990; Neuwald et al.,
1999; Kim & Kim, 2003; Ogura et al., 2004; Glynn et al., 2009). Located
downstream of the Walker‐A motif, the Walker‐B motif (hhhhDE, where h
represents hydrophobic amino acids) contains two acidic residues which are
critical for hydrolysis of ATP (Walker et al., 1982; Leipe et al., 2003). The
aspartate residue is required for the coordination of Mg2+ ions, whilst the
glutamate residue is involved in the activation of a water molecule, necessary
for catalysing the nucleophilic attack on the γ phosphate of ATP (Walker et al.,
1982; Ogura & Wilkinson, 2001).

The pore loop, which is also a part of the AAA+ domain, has been implicated in
playing a role in substrate binding (Martin et al., 2008a). These loops contain a
conserved aromatic‐hydrophobic motif pore‐1 loop (GYVG), which protrudes
from each subunit into the central cavity of the AAA protein (Wang et al., 2001;
Yamada‐Inagawa et al., 2003; Schlieker et al., 2004; Siddiqui et al., 2004).
Mutations in the pore‐1 loop of a number of AAA+ proteins have been shown to
impair substrate binding and processing, with little to no effect on
oligomerisation of the AAA+ protein or its ATPase activity (Song et al., 2000;
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Yamada‐Inagawa et al., 2003; Lum et al., 2004; Schlieker et al., 2004; Siddiqui et
al., 2004). Consistently, the ClpX pore‐1 loop, in conjunction with other axial
pore loops (see below), has also been implicated in substrate unfolding and
translocation (Martin et al., 2008b). Cycles of ATP binding and hydrolysis, drive
rigid‐body movements in ClpX, which translate to pulling on the substrate,
resulting in unfolding and translocation of the substrate (Siddiqui et al., 2004;
Martin et al., 2008b; Martin et al., 2008a).

Positioned near the C‐terminus, the SRH, although not strictly conserved, does
contain comparable structural elements in all AAA+ proteins (Iyer et al., 2004).
This motif is flanked by two structural elements, the sensor‐I motif located N‐
terminal of the SRH, and the arginine finger located C‐terminal of this motif.
These elements have been proposed to coordinate ATP hydrolysis and
conformation changes between subunits (Ogura et al., 2004). Sensor‐I, contains
conserved polar residues (Asn and Thr) (Lenzen et al., 1998). These residues
interact with important elements within the Walker‐B motif and the γ‐
phosphate of bound ATP (Hanson & Whiteheart, 2005). Replacement of these
polar residues (Asn/Thr) with Ala impairs ATP hydrolysis (Karata et al., 1999;
Steel et al., 2000; Hattendorf & Lindquist, 2002). The arginine finger present
downstream of the SRH motif, constitutes part of the ATP binding site, but on
the adjacent subunit (Ogura et al., 2004). Mutations introduced into this region
have been shown to affect ATP hydrolysis and the formation of ATP‐dependent
conformational changes within the AAA+ unfoldase (Ogura et al., 2004).

Located in the small AAA+ subdomain (α‐helical subdomain), the sensor‐II motif
has also been implicated in ATP binding (Neuwald et al., 1999; Ogura &
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Wilkinson, 2001; Ogura et al., 2004). A conserved arginine residue present at the
N‐terminal end of the sensor‐II motif in the α7‐helix, interacts directly with the
γ‐phosphate of ATP, mutation of this residue has been shown to inhibit ATP
binding (Ogura et al., 2004). However, based on the crystal structures of ΔNClpX
(i.e. ClpX lacking the N‐terminal domain) from Helicobacter pylori (H. pylori) and

A

B

Figure 1.7:

Hexameric model of the crystal structure of H. pylori ClpX

Ribbon diagram of hexameric H. pylori ClpX, the AAA+ large subdomain is
coloured in blue/purple and the small AAA+ subdomain coloured in green
with the IGF loops shown in red. The hexameric ring is viewed along the six‐
fold axis from the protease interface (A) and from the side (B). This image is
taken from Kim & Kim, (2003).
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E. coli (Kim & Kim, 2003; Glynn et al., 2009), in the presence and absence of ATP,
a number of models for substrate binding, unfolding and translocation have
been generated. ClpX has been shown to form asymmetric homo‐hexameric
rings (Figure 1.7), in which the ATP‐bound and ‐free states exhibit considerable
differences in rotation between the large and small subdomains (Kim & Kim,
2003; Glynn et al., 2009). Indeed, the small AAA+ subdomain of ClpX interacts
with the adjacent “clockwise” large AAA+ subdomain, in which ~ 3‐4 molecules
of ATP bind per hexamer of ClpX, leaving two empty subunits per hexamer
(Hersch et al., 2005; Yakamavich et al., 2008; Glynn et al., 2009).

The interaction of ClpX with ClpP requires ATP binding, but not hydrolysis to
trigger changes in the conformation of ClpX (Grimaud et al., 1998; Kim et al.,
2000; Wah et al., 2002; Joshi et al., 2004; Hersch et al., 2005). This interaction is
mediated by two elements (the IGF‐loop and the pore‐2 loop) located within the
AAA+ domain, and two further elements on ClpP (the N‐terminal loop and a
hydrophobic pocket) (Figure 1.8 A and B). Electron micrographs of ClpXP have
illustrated that a hexameric ring of ClpX stacks coaxially onto one or both ends
of the heptameric ClpP complex to form either double or single‐headed
complexes (Grimaud et al., 1998; Ortega et al., 2002; Maglica et al., 2009). The
axial pores of the ClpX ring align with the pore of ClpP, which permits the
translocation of substrate from one compartment to the other. Translocation of
the substrate from ClpX to ClpP is directional and occurs from one ClpX hexamer
at a time (Ortega et al., 2002). Mutation of either the pore‐2 loop of ClpX or the
N‐terminal loop of ClpP, results in the destabilisation of the ClpXP complex
(Gribun et al., 2005; Martin et al., 2007; Jennings et al., 2008). The N‐terminal
loop of ClpP is a β‐hairpin consisting of 20 residues (Kang et al., 2004; Gribun et
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al., 2005). This β‐turn‐β motif can adopt two opposing conformations: a
“downward” conformation, in which the N‐terminal residues are concealed
within the axial pore, or an alternative “upward” conformation, whereby the
hairpin extends out of the pore. The vast majority of these hairpin loops (6 in
total) are in the “upward” conformation while only one is present in the
“downward” conformation (Bewley et al., 2006). This alternative conformation
described for one of the hairpin loops has been proposed to generate a dome‐
like structure that is complementary to the concave face of ClpX (Bewley et al.,
2006). In addition to the pore‐2 loop in ClpX, another loop termed the IGF loop,
which consists of a conserved tripeptide motif, is also involved in direct
interaction with ClpP. Specific mutations of this motif, inhibits ClpP binding,
without affecting the ClpP‐independent activity of ClpX (Kim et al., 2001; Joshi et
al., 2004). Interestingly, from the crystal structures of ClpX, the IGF loops are
disordered, suggesting they exhibit a high degree of flexibility, which is likely
required to facilitate the asymmetric connections between hexameric ClpX and
the heptameric oligomer of ClpP (Kim et al., 2001; Kim & Kim, 2003; Glynn et al.,
2009). The IGF loops on ClpX interact with a hydrophobic pocket on the apical
surface of ClpP (composed of Tyr60 and Tyr62 from one subunit and Phe82
from the adjacent subunit) (Figure 1.8 A and B) (Wang et al., 1997). Binding of
the IGF loop to the hydrophobic pocket on ClpP is believed to open the axial
channel of the protease (Gardino et al., 2003; Martin et al., 2007). Consistent
with this idea, several recently identified antibiotics; acyldepsipeptides (ADEPs)
and activators of self‐compartmentalising proteases (ACPs), known to activate
ClpP for unregulated degradation, have been shown to open the axial pore of
ClpP through binding to the hydrophobic pocket (Lee et al., 2010; Li et al., 2010;
Kirstein et al., 2009a; Leung et al., 2011).
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Figure 1.8:
A)

Interactions made between ClpX and ClpP to form an active
ClpXP complex
Model depicting a series of interactions between ClpX and ClpP that
form ClpXP. IGF loops (red) at the distal end of ClpX (ClpP facing
interface), dock into a hydrophobic patch (green) located on the
anterior surface of ClpP (ClpX binding interface). In addition to these
points of interaction, Pore‐2 loops (purple) of ClpX form interactions
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B)

with N‐terminal stem‐loops (blue) of ClpP. Figure was adapted from
Martin et al., (2007).
Crystal model of hexameric H. pylori ClpX (PDB: 1UM8) in complex
with a seven‐fold symmetrical protease E. coli ClpP (PDB: 1YG6).
Points of interactions between ClpX and ClpP are coloured as
described in Figure 1.8 A. Residues involved in these interactions are
denoted by their single‐letter abbreviations. This figure was taken
from Kress et al., (2009).

1.4.2 Substrate recognition by ClpXP
Recognition of substrates by ClpX often occurs via short unstructured amino
acid sequence motifs (commonly referred to as degradation tags or degrons)
located at the N‐ or C‐terminus of a protein. Using a mutant version of ClpP
termed “ClpP(trap)”, which could form a complex with ClpX, but was unable to
degrade translocated substrates, a substantial number of physiological E. coli
substrates were captured and identified through a proteomic approach (Flynn et
al., 2003). Several of these putative substrates, isolated in vivo using the
“ClpXP(trap)”, were later verified in vitro (Flynn et al., 2003). Bioinformatic
analysis of these substrates (both putative and verified) indicated that ClpX is
capable of recognising five different classes of degradation tags, three N‐
terminal (N‐motif 1, 2 and 3), and two C‐terminal (C‐motif 1 and 2) (Figure 1.9).
Consistent with previous findings, the C‐terminal motifs identified using the
“ClpXP(trap)” mutant, shared similarities with known ClpXP substrates, for
example, the ssrA‐tag (C‐motif 1) and Mu transposase (C‐motif 2) (Laachouch et
al., 1996; Levchenko et al., 1997; Gottesman et al., 1998). As for the N‐terminal
motifs, N‐motif 1 was proposed to share sequence homology with the N‐
terminus of the known ClpXP substrates, λO protein and σs (Gonciarz‐Swiatek et
al., 1999; Studemann et al., 2003).
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Figure 1.9:

N and Cterminal degradation tags, recognised by E. coli ClpXP

ClpX substrates can be categorised into 5 different classes based on the
recognition motif they contain. There are three different N‐terminal
degradation tags (left hand‐side) termed N‐motif 1, 2 and 3, with the
consensus sequence provided under each heading. There are also two
different C‐terminal (right hand‐side) degradation tags, termed C‐motif 1
and 2. Conserved residues are highlighted in green, while asterisks
symbolise the α‐amino group (for N‐terminal motifs) or α‐carboxyl group
(for C‐terminal motifs). Residues in the consensus sequence that are polar
(p), basic (b) and hydrophobic (h) are depicted with a single letter
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description, whilst residues that are not conserved are described as X. This
figure was taken from Flynn et al., (2003).
Substrates such as the ssrA‐tag bind to the axial pore of ClpX through the GYVG
motif of the pore‐1 loop and the pore‐2 loops located at the distal end of ClpX
(Figure 1.10) (Martin et al., 2008a). Mutations of specific residues within these
loops have been shown to alter the affinity of ClpX for the ssrA tag (Siddiqui et
al., 2004; Martin et al., 2007; Martin et al., 2008b). However, in addition to the

Figure 1.10: ClpX loops directly involved in substrate binding
Cartoon illustrating the pore loops, located within ClpX, responsible
for the recognition and translocation of substrates. The RKH loop
(apricot) is responsible for interaction with the ssrA‐tag, Pore‐1 loop
(pink) with the consensus sequence GYVG, also binds substrates, in
which coupled to ATP hydrolysis, bound substrates are unfolded and
translocated by a “pulling” force. Association of the unfoldase (ClpX)
with the peptidase (ClpP) is mediated by the pore‐2 loop (green).
pore‐1 and ‐2 loops, a flexible RKH loop that surrounds the entrance of the axial
pore has also been implicated in ssrA‐tag recognition (Martin et al., 2008a).
Interestingly, mutation of this loop (i.e. mutations that alter its charge)
simultaneously weaken binding to ssrA‐tagged substrates, while improving
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binding to substrates containing positively charged degradation tags, such as the
N‐terminal λO tag (TNTAKI) and the C‐terminal MuA tag (RRKKAI) (Farrell et
al., 2007). These findings suggest that substrate specificity by ClpX, which is
mediated by the individual loops, is an evolutionary compromise between
recognition of many different proteins versus optimised binding to a single type
of substrate. As such, this compromise allows the binding of a large range of
substrates (~ 100), which contain a variety of degradation tags (Flynn et al.,
2003; Neher et al., 2006).

Substrate recognition, however, is not exclusively performed by the axial pore
loops of ClpX. The N‐domain of ClpX (often referred to as a C4‐type zinc‐binding
domain) also plays an important role in the recognition of substrates, such as λO
(Singh et al., 2001; Wojtyra et al., 2003). Indeed removal of the N‐terminal
domain (ΔNClpX) not only inhibits the recognition of certain substrates, but also
prevents the action of the adaptor protein SspB (Singh et al., 2001; Dougan et al.,
2003; Neher et al., 2003; Wojtyra et al., 2003; Thibault et al., 2006; Chien et al.,
2007)

1.4.3 Adaptormediated substrate recognition by ClpXP
Adaptor proteins are a group of small, unrelated proteins that modulate the
substrate specificity of their cognate AAA+ protease (Dougan et al., 2002a; Baker
& Sauer, 2006; Kirstein et al., 2009b). In some cases, the adaptor protein merely
enhances the degradation of a specific substrate by tethering it to the AAA+
protease, thereby increasing the local concentration of the substrate near the
axial pore of the unfoldase. In other cases, the adaptor protein may be essential
for recognition of the substrates, thus completely altering the substrate‐binding
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repertoire of the cognate protease. To date, three ClpX adaptor proteins have
been identified; SspB, required for the delivery of a fragment of RseA and ssrA‐
tagged proteins; RssB (also known as SprE), responsible for the delivery of σs
and UmuD, which delivers UmuD’ for degradation (Frank et al., 1996; Muffler et
al., 1996a; Muffler et al., 1996c; Pratt & Silhavy, 1996; Levchenko et al., 2000).

Of the three ClpX adaptor proteins, SspB is the best characterised. It was initially
identified as a ribosome binding protein that enhanced the ClpXP‐mediated
degradation of ssrA‐tagged proteins (Levchenko et al., 2000). Subsequently, it
was shown to deliver a fragment of RseA (an anti‐sigmaE factor) to ClpXP for
degradation. In both cases, SspB enhances the rate of ClpXP‐mediated substrate
degradation by approximately 10‐fold (Levchenko et al., 2000; Dougan et al.,
2003; Flynn et al., 2003). SspB is a small dimeric protein, which is composed of
three regions; a stable N‐terminal domain (for substrate recognition), a C‐
terminal tail, termed the XBR (ClpX Binding Region), required for docking to the
N‐terminal domain of ClpX, and a flexible linker that joins these two regions,
which is important for tethering the substrate in close proximity to the axial
pore of ClpX (Dougan et al., 2003; Levchenko et al., 2003; Wah et al., 2003; Park
et al., 2007). Interestingly, SspB recognises both RseA (EAQPAPHQWQKMPFW)
and the SsrA tag (AANEDNYALAA) in the same binding groove, but in opposite
orientations, with only a single interaction in common (Levchenko et al., 2005).
In addition to this, due to the dimeric nature of SspB, efficient tethering of SspB
to ClpX requires both C‐terminal XBR tails of the dimer (Figure 1.11) (Bolon et
al., 2004b). This multivalent interaction between SspB and ClpX, and between
ClpX and the substrate (in the ternary complex), helps to stabilise an otherwise
weak interaction. For example, in the absence of substrate, the binding affinity of
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Figure 1.11: SspB mediated delivery of an SsrAtagged substrate for
degradation by ClpXP.
Cartoon illustrating the delivery of SsrA‐tagged substrates to ClpX for
degradation, a process mediated by the adaptor protein (SspB).
Initially (1) dimeric SspB binds the ssrA‐tag (highlighted in orange)
and (2) docks to the N‐domain of ClpX, via its C‐terminal ClpX binding
region (XBR). Tethered SspB presents the SsrA‐tagged substrate
(highlighted in blue), for recognition by ClpX (3). The delivered
substrate is then unfolded by ClpX and translocated (4) into ClpP for
degradation (5). SspB is released and unbound SspB (6) is free to bind
more substrate.
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SspB to ClpX is low (~20 µM), while in the presence of the substrate the binding
affinity of SspB is significantly higher ~15 nM (Wah et al., 2002; Bolon et al.,
2004a; Bolon et al., 2004b; Hersch et al., 2004). As a result, formation of this
ternary complex permits the rapid degradation of substrates that exist at low
concentrations in the cell. Disassembly of the stable complex seems to occur by
the pulling of the substrate by ClpX, which simultaneously releases SspB (Bolon
et al., 2004a).

As mentioned above, in addition to ssrA‐tagged substrates delivered by SspB,
RseA is another substrate that relies on SspB for efficient degradation. In E. coli,
accumulation of misfolded proteins in the periplasm induces the envelope‐stress
response. This in turn causes the anti‐sigma factor, RseA, to become sequentially
cleaved by DegS and RseP (YaeL) to release an N‐terminal RseA fragment (N‐
RseA), which remains bound to the transcription factor, σE (De Las Penas et al.,
1997; Missiakas et al., 1997; Dartigalongue et al., 2001; Alba et al., 2002;
Kanehara et al., 2002). The newly processed fragment of RseA, N‐RseA, contains
an SsrA‐like C‐terminal motif, which in the absence of an adaptor protein, can be
recognised directly by ClpX and degraded by ClpP. The release of σE results in
the activation of envelope stress response genes (Chaba et al., 2007). However,
consistent with SspB enhancing the degradation of ssrA‐tagged substrates, the
same is true for N‐RseA, despite there being very little sequence homology
between both substrates.

1.5 The adaptor protein, RssB
In contrast to SspB, RssB is currently believed to deliver only a single substrate
to ClpXP for degradation. It was first discovered through the use of appropriate
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rpoS‐lacZ fusion constructs and pulse‐chase experiments, demonstrating the
ability of RssB to negatively regulate σs at the post‐translational level (Muffler et
al., 1996a; Muffler et al., 1996c; Pratt & Silhavy, 1996). RssB, in contrast to SspB,
is essential for the ClpXP‐mediated degradation of σs and hence broadens the
substrate‐binding repertoire of ClpX (Muffler et al., 1996a; Pratt & Silhavy, 1996;
Schweder et al., 1996). Despite the identification of RssB over 15 years ago, the
mode of action by which σs is recognised, delivered and degraded by ClpXP,
remains elusive.

RssB belongs to a group of proteins commonly referred to as ‘two‐component’
response regulators (RRs). Nevertheless, RssB is what one may call an atypical
two‐component response regulator, due to differences observed in both
structure and function. Two‐component systems operate by coupling a stimulus
to a response, which allows the organism to sense and respond appropriately to
changes in the environment. This mechanism has been adapted to accommodate
multiple cellular signalling circuits, which can be attributed to the modular
design of the system, whereby sensing by one module (or domain) is transferred
to another module. The classical two‐component signalling system comprises a
sensor or histidine kinase (HK), which detects the external stimuli, and a
response regulator (RR) containing a conserved regulatory domain, which upon
activation by the HK works to activate a cascade of downstream events
(reviewed by Goulian, 2010). Sensing of external stimuli is performed by the HK
through a variable input domain, which depending on the external stimulus may
either inhibit or activate the kinase domain of the HK. In the latter case,
modulation of the HK occurs from an intrinsic ability to auto‐phosphorylate
itself. The phosphate group present on the kinase domain of the HK is then
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transferred to the RR, which in some cases through a His‐Asp phosphotransfer
relay activates a cascade of proteins that elicit a specific response. Consistent
with most response regulators, the N‐domain of RssB (regulatory) is expected to
be structurally homologous to other RR, like CheY (Chapter 4 and 5). In RssB,
the highly conserved residue Asp58, located at the N‐terminal domain, serves as
a site for phosphorylation (Bouche et al., 1998). In contrast, the precise role for
the C‐domain (effector/output domain) is currently unclear. Unlike the majority
of RRs (i.e. OmpR/PhoB superfamily), which contain effector domains that bind
DNA (Galperin, 2006; Galperin, 2010); the C‐domain of RssB (RssBC) shows
sequence homology to a PP2C‐type Ser/Thr protein phosphatase (Galperin,
2006). However, unlike the protein phosphatase, RssBC is missing some of the
critical Asp residues required for Mn2+ binding described for PP2C‐type Ser/Thr
protein phosphatase (Galperin, 2006). In addition to the sequence homology just
described, the RssBC also shows some sequence similarity to the XBR of SspB
(section 1.4.3) (Dougan et al., 2003).

1.5.1 Phosphorylation of RssB
Currently, public databases contain an enormous number (> 70,000) of different
protein sequences that contain a receiver domain. These proteins are involved
in a variety of different cellular processes, but appear to use a common
mechanism (i.e. phosphorylation) to trigger these different biological activities.
One model proposes that the N‐domain of the RR exists in equilibrium between
two conformational states, an active and an inactive state. Phosphorylation of
the N‐domain is thought to shift the equilibrium to either one of these two
states. Generally, phosphorylation is synonymous with activation of RRs,
however in a handful of cases such as osmoregulation in yeast, phosphorylation
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of the RR, SSK1, renders it inactive (Posas & Saito, 1998). At the structural level,
phosphorylation of the N‐terminal RR is proposed to alter the conformation of
the C‐domain, which facilitates specific protein‐protein interactions. However,
phosphorylation of the N‐domain is short‐lived (half‐life ~20 s), hence
characterisation of the effects phosphorylation has on the overall conformation
of RRs has been difficult (Hess et al., 1988; Bren et al., 1996). Nonetheless, more
recently a number of studies have demonstrated that phosphorylation has a
long‐range effect on the RR (Lee et al., 2001a; Bachhawat et al., 2005; Toro‐
Roman et al., 2005a; Toro‐Roman et al., 2005b; Bachhawat & Stock, 2007). Using
Nuclear Magnetic Resonance (NMR), studies comparing CheY in the presence
and absence of phosphate (addition of AcP), demonstrated substantial chemical
shift differences occurring over a large surface of the protein (Lowry et al.,
1994). Consistent with the initial results, crystal structures published for the N‐
domains of NtrC, FixJ and phosphono‐CheY (a stable phosphorylated analog of
CheY), further supported the idea that phosphorylation has long‐range
structural effects, altering the molecular surface of the N‐domain (Halkides et al.,
1998; Birck et al., 1999; Kern et al., 1999; Halkides et al., 2000). Importantly,
phosphorylation of the N‐domain does not alter the overall secondary structure;
rather the secondary structural elements are repositioned in a way that alters
both the topology and electrostatic features of the protein (Stock et al., 2000).
Activation of RRs occurs through a number of different mechanisms, which in all
cases involves the N‐domain. In some cases, activation of the RR involves the
relief of inhibition (Simms et al., 1985; Kahn & Ditta, 1991; Huala et al., 1992),
while in others, phosphorylation of the N‐domain promotes dimerisation
(Fiedler & Weiss, 1995; McCleary, 1996), higher‐order oligomerisation (Weiss et
al., 1992; Webber & Kadner, 1997; Wyman et al., 1997) and even aids in specific
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interactions with other proteins (Welch et al., 1993; Blat & Eisenbach, 1994). To
add further complexity to the mode(s) of activation, some RRs use a
combination of these different mechanisms to activate specific pathways
(Harlocker et al., 1995; Anand et al., 1998).

As mentioned above (section 1.5), RssB is phosphorylated at Asp58, which has
been shown to improve the interaction with σs in vitro (Bouche et al., 1998;
Becker et al., 1999; Klauck et al., 2001; Zhou et al., 2001). Consistently, mutation
of Asp58 in RssB reduced σs turnover in vivo (Becker et al., 2000; Moreno et al.,
2000; Klauck et al., 2001; Peterson et al., 2004). Nevertheless, the importance of
RssB phosphorylation in vivo is currently controversial, as σs is not completely
stable in an E. coli strain containing a non‐phosphorylatable mutant of RssB
(Peterson 2004). Despite the current controversy, the mechanism of substrate
recognition by RssB also remains unclear.

In contrast to most RRs, a specific sensor kinase for phosphorylation of RssB has
not been identified and hence RssB has been referred to as an “orphan” RR. In
spite of extensive efforts to identify cognate sensor kinases, the small
phosphodonor AcP was found to efficiently phosphorylate RssB (McCleary &
Stock, 1994; Bouche et al., 1998). However, degradation of σs was not abolished
using the AcP‐free mutant strains of E. coli (∆ackA and ∆pta), suggesting that
additional sensor kinases may also phosphorylate RssB in vivo. As a result of this
proposed redundancy, candidate sensor kinase genes were specifically targeted.
Deletion of the ArcB‐ArcA phosphorelay system resulted in a stabilisation of σs
in vivo (Oshima et al., 2002; Sugiura et al., 2003; Mika & Hengge, 2005), and a
direct role for the sensor kinase ArcB was confirmed by in vitro phosphorylation
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of RssB (Mika & Hengge, 2005; Yamamoto et al., 2005). ArcB not only
phosphorylates RssB, but also the response regulator ArcA, which represses the
transcription of rpoS (Mika & Hengge, 2005). Interestingly, the kinetics of ArcB‐
mediated phosphorylation of RssB is ~ 10‐fold slower than for ArcA (Mika &
Hengge, 2005). This difference in rate of phosphorylation ensures that
phosphorylation of RssB is sensitive to the cellular concentration of ArcA (Mika
& Hengge, 2005). Hence, the regulation of RssB phosphorylation is reliant on the
autophosphorylation of the sensor kinase ArcB, which therefore raises the
question, what is the nature of the signal sensed by ArcB? It has been shown that
the redox state of quinones regulate the activity of ArcB (Georgellis et al., 2001;
Malpica et al., 2004) and hence it has been proposed that the cellular energy
supply can regulate the levels of both ArcA and RssB. Reduced phosphorylation
of both response regulators is expected to trigger derepression of rpoS
transcription and reduce σs degradation. Nevertheless, even triple mutants
(arcB, pta, ackA) still exhibit some σs turnover, suggesting RssB is regulated by
an additional phosphodonor (Mika & Hengge, 2005).

1.5.2 RssB and σs Interaction
Binding of RssB to σs is essential for ClpXP‐mediated degradation of the
substrate (Studemann et al., 2003). Indeed, in the absence of RssB, ClpX is
unable to recognise σs (Muffler et al., 1996a; Zhou & Gottesman, 1998; Zhou et
al., 2001). Although little is known about the regions on RssB and ClpX that are
involved in σs interaction, previous studies have identified regions on σs
required for its degradation. Using σs‐LacZ fusion proteins, it’s been suggested
that σs contains a ClpX binding motif near its N‐terminus (residues 7‐35) (Flynn
et al., 2003; Studemann et al., 2003). These results also suggested that in the
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absence of RssB, the C‐terminal region of σs may occlude the ClpX recognition
signal (located near its N‐terminus), preventing direct recognition of σs by ClpX
(Studemann et al., 2003). Hence binding of RssB to σs has been postulated to
trigger a conformational change in σs that exposes the N‐terminal ClpX binding
site. This unveiling permits the formation of a stable ternary complex (RssB‐σs‐
ClpX) (Zhou et al., 2001).

In addition to the ClpX binding site located on the N‐terminus of σs, a “turnover
element” in σs, which is located downstream of the promoter recognising region
2.4, is also required for its degradation (Becker et al., 1999). Mutations
introduced into the “turnover element” of σs, in particular Lys173, were shown
to inhibit the turnover of σs in growing cells (Becker et al., 1999). Consistently,
mutation of Lys173 also was shown to inhibit the binding of σs in vitro (Becker
et al., 1999). Collectively these data suggest that the “turnover element” in σs is
an important region for interaction with RssB.

1.6 Antiadaptors
Anti‐adaptors are a group of proteins that, as the name suggests, inhibit or
antagonise adaptor proteins. The first anti‐adaptor to be characterised was
identified as a regulator of competence development in B. subtilis (D'Souza et al.,
1994; Hamoen et al., 1995; Turgay et al., 1997). In non‐competent cells, the
adaptor protein MecA, recognises the competence transcription factor ComK,
and delivers it to the ClpCP protease for degradation (Turgay et al., 1998; Persuh
et al., 1999). When competence development is initiated, by a quorum sensing
mechanism, the levels of ComS increase (D'Souza et al., 1994; Ogura et al., 1999).
ComS then acts as a “suicide” anti‐adaptor binding to MecA and thereby
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preventing the turnover of ComK (Turgay et al., 1997; Turgay et al., 1998; Ogura
et al., 1999). More recently however, similar proteins were also identified in E.
coli. Consistent with the regulatory role of ComS in the development of
competence, these novel E. coli anti‐adaptor proteins function to regulate the
stationary‐phase stress response. As such, the following section will describe
recent insights into these small, yet interesting proteins that work to stabilise σs.

1.6.1 Antiadaptors regulating RssB
Using an E. coli genomic DNA library, Gottesman and colleagues recently
identified three different genes of unknown function that specifically affected
the activity of an rpoSlacZ translational fusion (Bougdour et al., 2006; Bougdour
et al., 2008). Through a series of elegant genetic and biochemical experiments,
the proteins encoded by these genes were shown to act as specific inhibitors of
RssB activity and hence were collectively termed anti‐adaptors. Interestingly,
deletion of each gene did not affect the stability of σs under all starvation
conditions; rather stabilisation of σs was limited to a specific condition. The first
identified anti‐adaptor, YiaB renamed IraP (Inhibitor of RssB activity during
phosphate starvation) is a small 86 amino acid protein, which is transcribed in
response to phosphate starvation, and mediated by ppGpp (Bougdour et al.,
2006; Bougdour & Gottesman, 2007). A multi‐copy plasmid carrying the iraP
gene demonstrated that expression of IraP, driven from the plasmid resulted in
an approximately three‐fold increase in σs stability in the exponential‐phase in
comparison to a seven‐fold increase in the stationary phase (Bougdour et al.,
2006). These results in conjunction with in vitro ‘pull‐down’ experiments
confirmed IraP as a bona fide regulator of σs, which prevents σs turnover
through direct interaction with RssB (Bougdour et al., 2006).
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Following the identification of the first anti‐adaptor (i.e. IraP), two additional
genes (yjiD and ycgW) were also shown to stabilise σs. These gene products
were renamed IraD and IraM respectively, because of their ability to stabilise σs
in response to DNA damage (IraD) and during magnesium starvation (IraM)
(Bougdour et al., 2008). Consistently, both IraD and IraM were able to inhibit the
RssB‐mediated degradation of σs in vitro (Bougdour et al., 2008). Although all
three anti‐adaptors seem to perform the same role, their interaction with RssB
and/or σs seems to vary (Bougdour et al., 2008). Currently, the mechanism by
which IraP functions is unclear, although the preferred model suggests that
binding of IraP to RssB (forming an RssB‐IraP complex) sequesters RssB from
σs, preventing its turnover (Bougdour et al., 2006). In vitro ‘pull‐down’
experiments using IraD and IraM suggests that like IraP, IraD interacts directly
with RssB, whilst the mode of action of IraM remains unclear (Bougdour et al.,
2008). Interestingly, the transcriptional regulator AppY, was also able to
stabilise σs in a mutant strain lacking all three anti‐adaptors, which suggests a
putative role for AppY in activating the transcription of an as yet to be identified
anti‐adaptor (Bougdour et al., 2008). This has physiological importance when
considering the action of multiple stresses on the cell. Based on what is known
for IraP, the presence of multiple stresses may induce the expression of multiple
anti‐adaptors. Considering that each anti‐adaptor may exhibit a diverse
mechanistic approach to inhibit σs degradation, this causes an avidity effect,
which could culminates in rapid stabilisation of σs. As such, this provides an
efficient way of coupling external stress stimuli to a rapid survival response.
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1.7 Aims of study
Currently, the regulation of the stationary‐phase sigma factor, σs, has been
studied extensively at the level of translation. However, σs steady state levels are
also greatly influenced post‐translationally via regulated proteolysis, which is
mediated by the ClpXP protease. However, many molecular aspects of the
degradation pathway remain unknown, such as σs delivery by RssB, handover to
ClpXP and the influence of individual factors (such as phosphorylation) and
antagonist (such as anti‐adaptors). The first part of the study aimed to
determine the region(s) on ClpX important for RssB binding and hence delivery
of σs (Chapter 3). Also, in order to understand this process of delivery, the
regions on RssB important for: (1) recognition and binding of σs, and (2) for
handover to ClpXP need to be defined. As RssB is a two‐component RR, the study
aimed to experimentally determine the individual N‐ (i.e. regulatory/input
domain) and C‐domains (i.e. effector/output domain) of RssB (Chapter 4). The
role(s) of each domain were addressed using a series of biochemical and
biophysical studies, in conjunction with structural studies to put forward a
model describing RssB delivery of σs to ClpXP (Chapters 4 and 7). In addition to
defining the individual molecular contacts (RssB‐σs, RssB‐σs‐ClpX), the
structural effects of phosphorylation on RssB, which improves σs binding, was
also examined (Chapter 5). The aim was to provide a greater understanding of
the interaction between RssB and σs. Finally, as RssB is a docking protein for
both the substrate and the anti‐adaptors (at least IraD and IraP) a more detailed
understanding of the structure‐function relationships of this protein could be
achieved via an analysis of Ira protein binding to RssB. Identification of the
docking regions of Ira proteins on RssB (Chapter 6), contributes to an overall
understanding of the mechanism used by these novel proteins. Collectively, this
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study provides greater insight into the molecular mechanism(s) by which these
proteins function (Chapter 7) to sustain bacterial survival via the general stress
response.
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Chapter 2
Materials and Methods

2.1 Molecular biology techniques

Basic molecular biology techniques were performed as described in (Maniatis et
al., 1982).

2.1.1 Polymerase Chain Reaction (PCR)
For the amplification of certain genes, PCR was performed using specifically
designed oligonucleotide primers (see Appendix I, Table 1) containing
appropriate restriction endonuclease sites for cloning of the amplified DNA into
a suitable vector (see Appendix I, Table 2). Typically, DNA was amplified using
(5‐10 U) Vent DNA polymerase (New England Biolabs (NEB)) in 1 × Thermopol
buffer (NEB) containing 25‐50 pmol of the appropriate primers, 0.8‐1.0 mM
deoxyribonucleotide triphosphates (dNTPs) (Boehringer) and 0.5 µg of plasmid
DNA or 0.1‐0.5 µg of genomic DNA as the template. Reactions were generally
initiated with an initial denaturation step (95 °C for 5 min), followed by 25
cycles of denaturation (95 °C for 30 s), annealing (55 °C for 30 s) and extension
(72 °C for 1 min). The amplification process was completed with a final
extension step (72 °C for 10 min). Amplification of the DNA was performed
using a Mastercycler® ep gradient S thermocycler (Eppendorf).

2.1.2 Sitedirected mutagenesis
Site‐directed mutagenesis was performed by PCR according to Zheng et al.,
(2004), using specific oligonucleotide primers bearing the desired mutation.
Complimentary primers to 5´ and 3´ strands of the target plasmid DNA,
containing the desired mutation(s) (see Appendix I, Table 1), were added to
reactions (50‐100 µl) containing 25 pmol of each primer, 1.6 mM dNTPs
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(Boehringer), 1 × Thermopol buffer, 2 U Vent DNA polymerase (NEB) and 0.5 µg
of plasmid DNA. Following an initial denaturation step (95 °C for 4 min), the
plasmid DNA was amplified with 16 cycles of denaturation (95 °C for 1 min),
primer annealing (52 °C for 1 min) and elongation at 68 °C (time was dependent
on the size (bp) of the plasmid). To ensure that amplification of all plasmid DNA
was complete, a final elongation step (68 °C for 60 min) was incorporated into
the cycle. Following amplification, the parental plasmid DNA was digested by
incubation with 2 U Dpn I (NEB) (37 °C for 90 min). The digested sample was
then transformed (section 2.1.4) into CaCl2 competent E. coli strain XL1‐Blue for
further selection (section 2.1.5).

2.1.3 Preparation of CaCl2 competent E. coli
A single colony of the appropriate E. coli strain was inoculated into 5 ml of 2 ×
Yeast Tryptone (2 × YT) (1.6% (w/v) Tryptone, 1% (w/v) Yeast Extract, 0.5%
(w/v) NaCl) and incubated overnight (O/N) at 37 °C with vigorous shaking (140
rpm). The following day, 500 ml of 2 × YT was inoculated with the 5 ml O/N
culture and incubated at 37 °C with shaking (140 rpm). Upon reaching an optical
density at 600 nm (OD600) of 0.5, cells were incubated on ice for 10 min and then
harvested by centrifugation (607 g for 10 min at 4 °C) The supernatant was then
discarded; the cell pellet resuspended in 250 ml of sterile 50 mM CaCl2 and the
cells incubated on ice for an additional 15 min. Cells were then harvested as
above and resuspended in 25 ml of sterile 50 mM CaCl2, supplemented with 15%
(v/v) glycerol, snap frozen in liquid N2 and stored at ‐80 °C.
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2.1.4 Transformation of plasmid DNA into CaCl2 competent E. coli cells
Transformation of plasmid DNA into competent E. coli cells, was performed by
incubating plasmid DNA (0.1‐1 µg) together with 300 µl of CaCl2 competent E.
coli cells (strains XL1‐Blue or BL21‐CodonPlus®(DE3)‐RIL) on ice for 15 min.
Upon completion of the initial incubation, cells were heat shocked at 42 °C for 2
min and then allowed to rest at 4 °C for 2 min. Then, 1 ml of 2 × YT was added
and cells were incubated at 37 °C for 45 min with vigorous shaking (450 rpm)).
The cells were harvested via centrifugation (16 060 g, 3 min) and 1 ml of the
supernatant removed from the sample. The cells were then resuspended in 300
µl of the remaining media and spread onto 2 × YT agar plates (2 × YT, 1.5%
(w/v) bacteriological agar) supplemented with the appropriate antibiotics. The
plates were incubated at 37 °C.

2.1.5 Preparation of overnight E. coli cultures
Bacterial cultures were grown overnight, for the isolation of plasmid DNA
(section 2.1.6) or for inoculation of small‐scale recombinant protein expression
experiments (section 2.2.1). Using aseptic technique, 5 ml of 2 × YT or Lysogeny
Broth (LB) (1% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 1% (w/v) NaCl)
supplemented with the appropriate antibiotic(s), was inoculated with either a
freshly grown single colony taken from a 2 × YT agar plate or a scrapping from a
frozen glycerol stock (section 2.1.12). The culture was then incubated overnight
at 37 °C with vigorous shaking (140 rpm).
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2.1.6 Plasmid isolation from E. coli Miniprep
Plasmid DNA was isolated from overnight E. coli cultures (section 2.1.5)
containing the appropriate plasmid using the QIAquick Spin miniprep kit
(QIAGEN) as per the manufacturer’s instructions. In brief, the cells were
harvested by centrifugation (16 060 g for 2 min), resuspended in 250 µl P1
RNase A buffer (50 mM Tris‐HCl pH 8.0, 10 mM EDTA, supplemented with 100
µg/ml of RNase A), lysed with 250 µl P2 buffer (200 mM NaOH, 1% (w/v)
sodium doedecyl sulphate (SDS)) before chromosomal DNA was precipitated
upon the addition of 350 µl of N3 neutralisation buffer (3 M KOAc pH 5.5). The
precipitated chromosomal DNA, proteins and cell debris was removed by
centrifugation (16 060 g, 10 min). The supernatant containing plasmid DNA was
then applied to a QIAquick spin column and centrifuged (16 060 g, 1 min). The
flow through was discarded and membrane washed using PE buffer (10 mM
Tris‐HCl pH 7.5, 80% (v/v) ethanol). Finally, after drying the column by
centrifugation, the bound plasmid DNA was eluted from the column with sterile
ultra pure H2O (30‐50 µl) and recovered via centrifugation (16 060 g, 1 min).
The plasmid preparation was stored at ‐20 °C.

2.1.7 Restriction endonuclease digestion
In general 1‐2 µg of miniprep DNA or amplified DNA was digested using 5‐10 U
of the appropriate restriction enzymes in 20 µl of 1 × buffer (NEB). When
required the reaction was supplemented with 1 µg of Bovine Serum Albumin
(BSA), and incubated at 37 °C for 60 min. Digested DNA was separated by
agarose gel electrophoresis (section 2.1.8).
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2.1.8 Agarose gel electrophoresis
DNA fragments were separated by gel electrophoresis using TAE (40 mM Tris‐
acetate pH 8.0, 2 mM EDTA) buffered agarose gels (0.8% ‐ 1.5% (w/v),
supplemented with ethidium bromide (~0.1 µg/ml of agarose solution). Gels
were cast into a plastic tray containing either an 8 or 12 well comb. DNA
samples were prepared with the addition of DNA loading dye (0.25% (w/v)
bromophenol blue, 0.25% (w/v) xylene cyanol FF, 15% (w/v) Ficoll (Type 400,
GE Healthcare)). Samples were separated alongside 1 Kb Plus DNA ladder
(Invitrogen) by electrophoresis at 100 V in a mini‐sub cell apparatus (Bio‐Rad)
buffered with TAE. Samples were visualised with a ChemiGenius2 imaging
system, using the GeneSnap software (Syngene) or the Gel Doc XR system using
the QuantityOne software.

2.1.9 Isolation of DNA from agarose gels
Following separation via TAE‐agarose gel electrophoresis (section 2.1.8), DNA
fragments were visualised under ultra violet (UV) light (260 nm) and excised
from the gel using a sterile scalpel blade. DNA was then isolated using the
QIAquick gel extraction kit (QIAGEN) as per the manufacturer’s guidelines.
Essentially, the agarose gel piece (containing the DNA fragment of interest) was
melted in the presence of QC buffer (50 mM MOPS pH 7.0, 1 M NaCl, 15% (v/v)
isopropanol) by incubation at 50 °C for 5 min. The DNA‐agarose gel solution was
then applied to a QIAquick spin column. Following centrifugation (16 060 g, 1
min) of the spin column, the flow through was discarded and the column was
washed with PE buffer (10 mM Tris‐HCl pH 7.5, 80% (v/v) ethanol). Finally
bound DNA was eluted using 30‐50 µl sterile ultra pure H2O. Eluted DNA was
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either used immediately for subsequent ligations (section 2.1.10) or stored at ‐
20 °C.

2.1.10 DNA Ligations
DNA ligation reactions (10 µl) typically contained 0.01‐0.05 µg of plasmid DNA
together with approximately 0.08‐0.15 µg of insert (usually at a vector:insert
molar ratio ranging between 1:1‐1:5), 40 U of T4 DNA ligase (NEB), in Ligase
buffer (50 mM Tris‐HCl pH 7.5, 10 mM MgCl2, 10 mM dithiothreitol (DTT), 1 mM
ATP) (NEB). Combined samples were incubated at room temperature from
between 2 h and 16 h. Ligated DNA was then transformed (section 2.1.4)
directly into E. coli XL1‐Blue strain.

2.1.11 DNA sequencing
Plasmid DNA (600 ng) was sequenced using the appropriate primer (0.32 pmol).
DNA sequencing was performed by AgGenomics or by the Australian Genomic
Research Facility using a BigDye® Terminator v3.1 cycle sequencing kit
(Applied Biosystems) and ABI3730xl DNA analyser (Applied Biosystems).
Sequencing chromatograms were viewed using 4Peaks software.

2.1.12 Preparation of glycerol stocks
For the long‐term storage of E. coli strains (+/‐ plasmids), overnight E. coli
cultures were supplemented with 15% (w/v) sterile glycerol. Samples were
then gently vortexed (briefly), snap‐frozen in liquid N2 and stored at ‐80 °C.
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2.2 Expression and purification of recombinant proteins

2.2.1 Smallscale expression of recombinant protein (E. coli)
To test protein expression on a small‐scale, the OD600 of O/N cultures (section
2.1.5) was measured and 5 ml of 2 × YT (supplemented with the appropriate
antibiotics) was inoculated to an OD600 of 0.1. Expression cultures were initially
incubated at 37 °C with shaking (140 rpm) until an OD600 of 0.8 to 1.0 was
reached. Following this, cultures were transferred to the appropriate
temperature for protein expression and induced with the addition of IPTG (0.5
mM). Samples (500 µl) were collected both before (0 h) and after (1 h, 2 h, 4 h,
and 16 h) protein expression was induced. The OD600 of each sample was
measured, the cells harvested by centrifugation (16 060 g, 2 min) and adjusted
to an OD600 of 10 by resuspension in a specific volume of general‐purpose
resuspension buffer (50 mM Tris‐HCl pH 8.0, 300 mM NaCl, 1 mM EDTA, 0.05%
(v/v) Triton X‐100, 10% (v/v) glycerol). Equal volumes of cell suspension were
then analysed by SDS‐PAGE (see section 2.3.1).

2.2.2 Solubility test of recombinant protein
The solubility of a recombinant protein was determined from small‐scale
expression cultures (section 2.2.1). Following expression (4 h), E. coli cells (4 ml
culture) were harvested (3865 g, 10 min, 4 °C) and resuspended in 1 ml of
general‐purpose resuspension buffer per g cells (wet weight). The cell
suspension was subjected to three rounds of freeze‐thaw cycles, whereby cells
were snap‐frozen in liquid N2 and thawed in a cold‐water bath. Lysozyme (200
µg/ml), DNase I (10 µg/ml) and MgCl2 (5 mM) were then added to the cells and
incubated on a spinning wheel for 30 min. The cell lysate was then subjected to
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five rounds of sonication (Branson 1200 Ultrasonic bath) at 30 W and a sample
(50 µl) was collected (total). To fractionate the cell lysate, centrifugation (16 060
g, 1 min) was performed and an aliquot (50 µl) of the supernatant (soluble
fraction) was collected, whilst the insoluble pellet was resuspended in general‐
purpose resuspension buffer (to starting volume) and an aliquot (50 µl) of the
insoluble fraction collected. Equal volumes of total, soluble and insoluble
fractions were then analysed by SDS‐PAGE (section 2.3.1).

2.2.3 Largescale expression of recombinant protein (E. coli)
Large‐scale expression of recombinant proteins in E. coli was essentially
performed as described in section 2.2.1, with the following exceptions. A 250 ml
pre‐culture (section 2.1.5) was grown O/N in a 2 L baffled flask. The appropriate
volume of O/N culture (final OD600 of 0.1) was then added to 1.5 L of sterile 2 ×
YT media (in a 5 L baffled flask), supplemented with the appropriate
antibiotic(s). Expression was induced when an OD600 of 0.8‐1.0 was reached.
Upon the addition of IPTG (0.5 mM), cells were harvested by centrifugation
(3856 g, 15 min, 4 °C), following either 4 h or ~16 h expression. Harvested cells
were then stored at ‐20 °C before further analysis (section 2.3.1).

2.2.4 Extraction of soluble protein
Soluble recombinant proteins were extracted from E. coli cells as described in
section 2.2.4 with minor modifications. Harvested cells (1 g, wet weight) were
resuspended in 4 ml of general‐purpose buffer (or in other buffers if stated). The
resuspended cells were subjected to three cycles of freeze‐thaw, whereby cells
were snap‐frozen in liquid N2 and thawed in a cold‐water bath. Lysozyme (200
µg/ml), DNase I (10 µg/ml) and MgCl2 (5 mM) were then added to the cells and
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incubated on a spinning wheel for 30 min. The cell lysate was then sonicated
(Vibracell™) in triplicate (1 min at 35 W). The insoluble proteins were removed
by centrifugation (20 200 g, 30 min, 4 °C) and the supernatant containing the
soluble proteins was retained.

2.2.5 ImmobilisedMetal Affinity Chromatography (IMAC)
Ni‐NTA agarose beads (QIAGEN) were used for the purification of over‐
expressed histidine‐tagged (six and ten His‐tag) recombinant proteins.
Routinely, 1 ml (settled volume) of Ni‐NTA agarose beads in a 20 ml plastic
column (Bio‐Rad) was pre‐equilibrated with five bed volumes (BV) of
equilibration/W10 buffer (50 mM Tris‐HCl pH 8.0, 300 mM NaCl, 10 mM
Imidazole). Soluble lysates (section 2.2.4) were then applied to the column
under gravity flow. For His6‐tagged proteins the beads were then washed with
five BV of W10 buffer and five BV of W20 buffer (50 mM Tris‐HCl pH 8.0, 300
mM NaCl, 20 mM Imidazole). For proteins containing a His10‐tag, an additional
wash with 10 BV of W65 buffer (50 mM Tris‐HCl pH 8.0, 300 mM NaCl, 65 mM
Imidazole) was included. Bound proteins were eluted from the beads using six
BV of either W250 buffer (50 mM Tris‐HCl pH 8.0, 300 mM NaCl, 250 mM
Imidazole) for His6‐tagged proteins, or W500 buffer (50 mM Tris‐HCl pH 8.0,
300 mM NaCl, 500 mM Imidazole) for His10‐tagged proteins. In specific cases,
the proteins were eluted into glycerol (to obtain a final glycerol concentration of
5‐10% (v/v)), snap‐frozen in liquid N2 and stored at ‐80 °C.

2.2.6 Largescale cleavage of ubiquitin fusion proteins
His6‐Ubiquitin fused proteins purified by IMAC (section 2.2.5) were collected
and protein concentration estimated using the Bradford assay (section 2.2.9).
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Cleavage of the His6‐Ubiquitin (Ub) moiety of the fusion protein was invariably
performed in Ub cleavage buffer (20 mM Tris‐HCl pH 8.0, 150 mM NaCl, 1 mM
DTT). The His6‐Ub‐fusion protein (1‐20 mg) was incubated with His6‐Usp2cc at
an enzyme:substrate ratio of 1:100 unless specified otherwise, for 60 min at 20
°C. The cleaved protein (generally 1‐2 ml) was then dialysed twice for 60 min, at
4 °C, in 2 L dialysis buffer (50 mM Tris‐HCl pH 8.0, 200 mM KCl, 10% (v/v)
glycerol, 1 mM DTT). After dialysis, the protein was applied to Ni‐NTA agarose
beads, pre‐equilibrated with W10 buffer (section 2.2.5). The flow through
containing the desired purified untagged authentic protein was collected, snap
frozen in liquid N2 and stored at ‐80 °C.

2.2.7 Isolation of inclusion bodies and refolding of urea solubilised protein
For the isolation of proteins from inclusion bodies, cells were harvested after
expression (section 2.2.3). Proteins were extracted as described in section 2.2.4,
with the addition of 4 mg deoxycholic acid per g of cells (wet weight). Inclusion
bodies were harvested by centrifugation at 3000 g, for 60 min, at 4 °C. The
inclusion bodies were then washed with 0.1 volume (of the initial expression
culture) of Triton X‐100 buffer (50 mM Tris‐HCl pH 8.0, 1 mM EDTA, 100 mM
NaCl, 10 mM DTT, 2% (v/v) Triton X‐100), TEN buffer (50 mM Tris‐HCl pH 8.0, 1
mM EDTA, 100 mM NaCl, 10 mM DTT) and finally TN buffer (50 mM Tris‐HCl pH
8.0, 100 mM NaCl) by continuous gentle stirring at 4 °C for between 30‐120 min
for each wash buffer. The purified insoluble recombinant protein (typically 10
mg) was then solublised using 5 ml urea buffer (8 M urea, 100 mM Na2HPO4, 10
mM Tris‐HCl pH 8.0) per 1 g of protein pellet. The denatured proteins were
refolded by dialysis for 2 h, at 4 °C, in 2 L of refolding buffer (50 mM Tris‐HCl pH
7.5, 250 mM NaCl, 10 mM MgCl2, 12.5% v/v glycerol, 0.1 mM EDTA, 1 mM DTT)
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followed by dialysis for an additional 2 h, at 4 °C, in another 2 L of refolding
buffer. After refolding, precipitated proteins were separated from soluble
protein by centrifugation (16 060 g, 10 min, 4 °C). The soluble (refolded) protein
was collected then snap frozen in liquid N2 and stored at ‐80 °C.

2.2.8 Preparation of homogenous samples of refolded protein
To further purify proteins (both wild‐type and the various mutant forms) after
inclusion body isolation and refolding (section 2.2.7), proteins were applied to 1
ml Ni‐NTA agarose beads (settled volume) and incubated for 30 min, at 4 °C,
with gentle rotation on a spinning wheel. The beads were then collected and
washed as described in section 2.2.5. Following elution from the Ni‐NTA
agarose, the protein (generally 2‐10 mg in 1 ml) was directly applied to a
HiLoad™ 16/60 Superdex™ 200 preparatory grade gel filtration column (GE
Healthcare), which was pre‐equilibrated with gel filtration buffer (20 mM Tris‐
HCl, pH 7.5, 140 mM NaCl, 10 mM MgCl2, 0.1 mM EDTA, 5% (v/v) glycerol,
0.005% (v/v) Triton X‐100). The column was run at a flow rate of 1 ml/min, and
the appropriate fractions (corresponding to “monomeric” or “dimeric” RssB)
were collected, snap frozen in liquid N2 and stored at ‐80 °C for subsequent use.
Sample purity was assessed by SDS‐PAGE (section 2.3.1).

2.2.9 Bradford assay
Estimation of protein concentration was performed based on the Bradford
method (Bradford, 1976), whereby protein solution (0.1‐10 µl) was added to
either 1 ml or 200 µl of 1 × protein assay reagent (Bio‐Rad) prepared according
to the manufacturer’s instructions and incubated for 10 min, at RT. The protein
concentration was estimated by measuring the absorbance at 595 nm (A595)
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against a protein free blank and compared to a protein standard curve
generated using known amounts of BSA (Pierce).

2.3 SDSPAGE

2.3.1 SDSPAGE analysis
Proteins were separated by SDS polyacrylamide gel electrophoresis (SDS‐PAGE)
using reducing Tris‐glycine and/or Tris‐tricine buffered polyacrylamide gels
(Laemmli, 1970; Schagger & von Jagow, 1987). Protein samples were mixed
(5:1) with 6× Laemmli dye (480 mM Tris‐HCl pH 6.8, 12% (w/v) SDS, 30% (v/v)
glycerol, 10% (w/v) DTT, 0.12% (w/v) Bromophenol Blue) and heat treated at
95 °C for 5‐10 min. Tris‐glycine buffered SDS‐polyacrylamide gels were used to
resolve proteins ranging from 14‐100 kDa. Separating gels used to separate such
proteins contained 10, 12.5 or 15% (w/v) Bis/Acrylamide (Bis/Acrylamide
(1:37.5), 375 mM Tris‐HCl pH 8.8, 0.1% (w/v) SDS). In addition, an
accompanying stacking gel (4% (w/v) Bis/Acrylamide (1:37.5), 80 mM Tris‐HCl
pH 6.8, 0.1% (w/v) SDS) containing 10‐15 wells were used to load respective
samples. Glycine‐buffered gels were run in SDS‐PAGE running buffer (25 mM
Tris‐HCl pH 8.3, 190 mM glycine, 1% (w/v) SDS) at 200 V, upon migration of the
samples into the separating gel.

For the separation of low molecular weight (MW) proteins, Tris‐tricine buffered
SDS‐PAGE was used, which consisted of a separating gel containing 16.5% (w/v)
Bis/Acrylamide (1:32) in gel buffer (1M Tris‐HCl pH 8.45, 0.1% (w/v) SDS)
supplemented with 13% (v/v) glycerol. The spacer gel containing 10% (w/v)
Bis/Acrylamide (1:32) and the stacking gel containing 4% (w/v) Bis/Acrylamide
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(1:32) were both made in gel buffer. The gel was run in anode buffer (200 mM
Tris‐HCl pH 8.9) and cathode buffer (100 mM Tris‐HCl pH 8.25, 100 mM Tricine,
0.01% (w/v) SDS) at 100 V, upon migration of the samples into the separating
gel.

Estimation of protein (subunit) molecular weights was performed by comparing
their migration to either Mark12™ or SeeBlue Plus2™ protein MW markers
(Invitrogen) following separation by SDS‐PAGE. Proteins were visualised by
gentle shaking of the gel in Coomassie stain (0.1% (w/v) Coomassie Brilliant
Blue R250, 15% (v/v) acetic acid, 50% (v/v) methanol) for 1‐16 h followed by
gentle shaking in destain solution (15% (v/v) acetic acid, 15% (v/v) ethanol) for
1‐2 h.

2.3.2 Quantification of proteins resolved by SDSPAGE
Following separation of proteins by SDS‐PAGE (section 2.3.1), individual protein
bands were quantified using GelEval (Frog Dance Software). The density of each
protein band was determined using the following equation:
Density of the box (area containing protein band) – Density of the box
(alone) in the surrounding area (background)
As such, the relative densities of proteins run on the same SDS polyacrylamide
gels were obtained and often represented as a percentage or fraction of the
initial or input.
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2.4 Immunoblotting

2.4.1 Semidry Western transfer
For immunodetection or N‐terminal sequencing (section 2.6.1), proteins were
separated by SDS‐PAGE (section 2.3.1) and then transferred to polyvinylidine
difluoride (PVDF) membrane (Millipore) using the semi‐dry method (Harlow &
Lane, 1999). In order to transfer proteins to the PVDF membrane, a gel
sandwich was constructed as outlined in (Maniatis et al., 1982). Essentially, the
protein gel was sandwiched between three sheets of 3MM chromatography
paper (Whatmann), pre‐soaked in transfer buffer (4.8 mM Tris‐HCl pH 8.3, 3.9
mM glycine and 1.3 mM SDS) and a single PVDF membrane (pre‐wet in 100%
methanol) was placed on the “anode” side of the gel. The proteins were
transferred for 60–90 min at 300‐350 mA, using a HEP‐1 Panther semi‐dry
electro‐blotting

system

(Owl

Separation

Systems).

Following

transfer,

membranes were prepared for immunoblotting (section 2.4.2) or N‐terminal
sequencing (section 2.6.1).

2.4.2 Immunoblotting
Following transfer of proteins to a PVDF membrane (section 2.4.1), the
membrane was blocked for between 2 h and 16 h (with gentle shaking) in Tris‐
buffered saline including Tween20 (TBS‐T) (20 mM Tris‐HCl pH 7.5, 150 mM
NaCl, 0.1% (v/v) Tween20) containing either 5% (w/v) skim milk powder
(Diploma) or 5% (w/v) BSA (Boehringer). The membrane was then washed in ~
50 ml TBS‐T with gentle shaking for 15 min. After washing, the membrane was
incubated (with gentle shaking) for 60 min at RT with the appropriate primary
antibody (see Appendix II, Table 1). Next, the membrane was washed as
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indicated above and then incubated with the appropriate secondary antibody
conjugated to Horse Radish Peroxidase (HRP) (see Appendix II, Table 1).
Following incubation with the secondary antibody, the membrane was washed
as described above and the membrane incubated (1 min) with ECL reagent (GE
Healthcare). The immunoreactive proteins were then visualised using either a
ChemiGenius2 (Syngene) or GelDoc™ XR+ (Bio‐Rad) imagining system and
images captured using Genesnap (Syngene) or QuantityOne (Bio‐Rad)
respectively.

2.5 Biochemical characterization

2.5.1 In vitro degradation assay
Unless indicated otherwise protein concentrations provided here and in the
following sections refer to the protomer. In vitro degradation assays were
performed essentially as described by Zhou et al., (2001) with minor
modifications. Proteins (1 µM ClpX, 1 µM ClpP, 0.08‐0.5 µM trx‐RssB, 0.5 µM
RssB and 1 µM σs) were pre‐incubated at 30 °C for 2 min in RssB‐buffer (20 mM
Tris‐HCl pH 7.5, 140 mM NaCl, 10 mM MgCl2, 0.1 mM EDTA, 5% (v/v) glycerol,
0.005% (v/v) Triton X‐100, 1 mM DTT). The reactions were initiated with the
addition of 5 mM ATP and incubated at 30 °C. Samples collected at various time‐
points were immediately prepared in Laemmli buffer. All samples were then
analysed by SDS‐PAGE (section 2.3.1). In most instances proteins were
visualised by Coomassie Brilliant Blue staining.

For competition degradation assays, experimental conditions and proteins were
as described above, but with the addition of SspB (2 µM, 10 µM, 20 µM), SspBXBR
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(25 µM, 50 µM, 75 µM, 125 µM) or ClpX N‐domain (5 µM, 10 µM, 20 µM).
Likewise, degradation experiments with the respective anti‐adaptors (IraD, IraP
and IraM) were also performed as described above in which each anti‐adaptor
was directly added to the protein mix, prior to pre‐incubation at 30°C. Refer to
Chapter 6 for specific concentrations regarding these experiments.

2.5.2 Fluorimetric degradation assay
The degradation of GFP‐ssrA was essentially performed as described by Dougan
et al., (2003), with minor modifications. ClpXP was pre‐incubated in XP‐reaction
buffer (25 mM Tris‐HCl pH 7.5, 100 mM KCl, 100 mM NaCl, 20 mM MgCl2, 10%
(v/v) glycerol, 0.025% (v/v) Triton‐X100, 1 mM DTT) with ATP (10 mM) for 5
min at room temperature. Following pre‐incubation, the degradation reaction
was initiated by the addition of substrate (1 µM GFP‐ssrA). The degradation of
GFP‐ssrA was monitored using an excitation wavelength of 410 nm and
emission wavelength of 500 nm and fluorescence was monitored using a
Spectramax M3 plate reader (Molecular Devices Inc.) for 1 h at 30 °C.

2.5.3 Limited proteolysis experiment
To examine the domain structure of recombinant proteins, limited proteolysis
experiments were performed using thermolysin (Sigma‐Aldrich) and/or
subtilisn (Sigma‐Aldrich) as described in Schwartz et al. (1999) with minor
modifications. Experiments were performed at various protease:substrate ratios
(1:25 and 1:50, as indicated in Chapters 4 and 6) in protease reaction buffer (25
mM Tris‐HCl pH 7.0, 75 mM NaCl, 2.5 mM CaCl2). Prior to the addition of the
protease, proteins were pre‐incubated at RT for 2 min. Aliquots (30 µl) were
taken at various time‐points (as indicated in Chapter 4 and 6), and reactions
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stopped by addition of 6 mM Phenylmethylsulfonyl fluoride (PMSF) and
Laemmli buffer. Partially digested recombinant protein fragments were
separated by SDS‐PAGE (section 2.3.1) and visualised by Coomassie Brilliant
Blue staining (section 2.3.1).

2.5.4 Glutaraldehyde crosslinking experiment
To monitor transient protein interactions between σs, ClpX N‐domain and RssB
(wild‐type and mutants), in vitro glutaraldehyde (GA) cross‐linking experiments
were performed. Initially, proteins were dialysed in storage buffer
supplemented

with

N‐2‐hydroxyethylpiperazine‐N’‐2‐ethanesulfonic

acid

(HEPES) to remove Tris‐base from protein preparations. Protein samples
(generally ~ 0.5‐1 ml) were dialysed twice in 2 L of freshly prepared dialysis
buffer (50 mM HEPES‐KOH pH 8.0, 300 mM NaCl, 10% (w/v) glycerol, 1 mM
DTT) with gentle stirring for 1 h at 4 °C. Experiments were performed using 35
µg (5 µg of protein per time point, or unless specified otherwise) of each protein
in the presence of 0.005% (w/v) GA (or unless specified otherwise) and cross‐
linking buffer (20 mM HEPES‐KOH pH 7.5, 140 mM NaCl, 10 mM MgCl2, 0.1 mM
EDTA, 5% (v/v) glycerol, 0.005% (v/v) Triton X‐100, 1 mM DTT). Initially,
proteins were pre‐incubated (2 min) at 25 °C in the absence of GA. Upon
addition of GA, samples (50 µl) were collected at specified time points (as
indicated in Chapters 3, 4 and 5) and reactions stopped by addition of 0.8 M
Tris‐HCl pH 8.8 (final concentration). Samples were prepared in Laemmli buffer
and separated by SDS‐PAGE (section 2.3.1). Cross‐linked proteins were
visualised by Coomassie Brilliant Blue staining (section 2.3.1) and/or
immunoblotting (section 2.4.2).

CHAPTER 2 82

2.5.5 In vitro ‘pulldown’ experiments looking at proteinprotein interactions
To study the interaction between specific proteins, in vitro ‘pull‐down’
experiments were performed essentially as described by Geissler et al. (2002).
Briefly, Ni‐NTA agarose beads (QIAGEN) were equilibrated with 10 BV (250 µl)
of equilibration buffer (50 mM Tris‐HCl pH 8.0, 300 mM NaCl, 10 mM imidazole)
and then five BV of wash buffer C (20 mM HEPES‐KOH pH 7.5, 100 mM KOAc, 10
mM MgOAc, 10% (v/v) glycerol, 10 mM imidazole, 0.5% (v/v) Triton X‐100).
Protein concentrations were measured (section 2.2.9) and proteins (25 µg or as
specified within the results sections) were pre‐incubated in wash buffer C, at 4
°C, for 30 min on a rotating wheel. Pre‐incubated protein mixtures were then
applied to Ni‐NTA agarose beads and incubated as described above. Samples
were then centrifuged (800 g, 1 min, 4 °C), supernatant collected (unbound
fraction), beads resuspended in five BV of wash buffer C and transferred to
individual 1 ml Molecular Biologische Technologie (MoBiTec) columns. The Ni‐
NTA agarose beads were then washed with 10 BV of wash buffer D (20 mM
HEPES‐KOH pH 7.5, 100 mM KOAc, 10 mM MgOAc, 10% (v/v) glycerol, 20 mM
imidazole, 0.25% (v/v) Triton X‐100) and residual buffer removed via
centrifugation (800 g, 1 min, 4 °C). Bound proteins were eluted using one BV of
elution buffer (50 mM Tris‐HCl pH 8.0, 300 mM NaCl, 250 mM Imidazole) and
elute collected by centrifugation (800 g, 1 min, 4 °C). Samples were separated by
SDS‐PAGE (section 2.3.1) and subjected to Coomassie Brilliant Blue staining
(section 2.3.1) unless specified otherwise.

2.5.6 Crosslinking of IgGs to Protein A Sepharose
For the conjugation of IgGs to Protein A Sepharose (PAS) Fast‐Flow beads (GE
Healthcare), the beads were prepared as described in Harlow and Lane (1999).
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Anti‐serum, which was diluted two‐fold in 0.1 M KPi pH 7.5, was added to pre‐
equilibrated (0.1 M KPi pH 7.5) PAS beads and incubated (by slow end over end
rotation) for 60 min at 4 °C. The bead suspension was then centrifuged (800 g, 3
min, 4 °C), unbound antibodies removed and beads rinsed with 10 BV of 0.1 M
sodium borate pH 9.0. The beads were then incubated for 30 min at 4 °C (with
gentle end‐over‐end rotation) with 10 BV of 0.1 M sodium borate pH 9.0,
containing 14 mM Dimethyl‐Pimilimidate dihydrochloride (DMP) (Sigma‐
Aldrich). The cross‐linking process was repeated with the addition of fresh 14
mM DMP. Conjugated IgG‐PAS beads were then recovered by centrifugation
(800 g, 5 min), rinsed with 10 BV of 1 M Tris‐HCl pH 7.5 and incubated in 10 BV
of 1 M Tris‐HCl pH 7.5, for 2 h, at 4 °C (gentle end‐over‐end rotation). Finally
conjugated IgG‐PAS beads were rinsed with 10 BV of 10 mM Tris‐HCl pH 7.5 and
stored on ice pending co‐immunoprecipitation (co‐IP) experiments.

2.5.7 Coimmunoprecipitation (CoIP)
Co‐IP experiments were performed using purified recombinant proteins (0.14
nmol) and 20 µl (settled BV) of cross‐linked PAS beads (section 2.5.6). In brief,
proteins were pre‐incubated in co‐IP buffer (20 mM Tris‐HCl pH 7.5, 10 mM
MgCl2, 140 mM KCl, 0.1 mM EDTA, 5% (v/v) glycerol, 0.005% (v/v) Triton X‐
100, 1 mM DTT) and 10 mM acetyl‐phosphate (Sigma‐Aldrich), at 4 °C, for 30
min (with gentle end‐over‐end rotation). Pre‐incubated protein samples were
then added to cross‐linked PAS beads and incubated for 60 min at 4 °C (with
gentle end‐over‐end rotation). Unbound proteins were then removed following
centrifugation (800 g, 2 min, 4 °C). The beads were then washed five times with
five BV of co‐IP buffer and the bound proteins eluted using one BV of 50 mM
glycine‐HCl pH 2.5. Eluted proteins were recovered by centrifugation (16 060 g
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for 5 min). Eluted fractions were neutralized with 0.1 M Tris‐HCl pH 8.0 and
prepared for separation on SDS‐PAGE (section 2.3.1).

2.5.8 Peptide library screening
To identify region(s) on RssB (peptides) involved in the interaction with the E.
coli ClpX N‐domain (ecClpXN), a commercially derived RssB peptide library (JPT
Peptide Technologies) was panned with the ecClpXN. The experiment was
performed as previously described by Patzelt et al., (2001) and Rudiger et al.,
(1997) with some modifications. Purified (section 2.2.5) ecClpXN (2.5 µM) was
incubated with the RssB peptide library in MP2 buffer (15.7 mM Tris‐HCl pH 7.6,
100 mM KCl, 20 mM MgCl2, 5% (w/v) sucrose, 0.05% (v/v) Tween20) for 30
min with gentle shaking at RT. The peptide library was then washed with ice
cold TBS (50 mM Tris‐HCl pH 8.0, 137 mM NaCl, 2.7 mM KCl) for 30 s, and then
positioned on 4 pieces of pre‐soaked (cathode buffer: 25 mM Tris‐HCl pH 9.2, 40
mM 6‐aminohexanoic acid, 0.01% (w/v) SDS) Whatmann 3MM chromatography
paper. The sandwich was then layered with a PVDF membrane pre‐soaked in
methanol (100%) and Anode 1 (A1) buffer (30 mM Tris base and 20% (v/v)
methanol), 4 × Whatmann 3MM chromatography paper, pre‐soaked in A1 buffer,
and 4 × Whatmann 3MM chromatography paper soaked in Anode 2 (A2) buffer
(300 mM Tris base, 20% (v/v) methanol). Bound protein was then transferred
from the cellulose peptide library membrane to PVDF membrane at a constant
current (1 mA/cm2 of library membrane) using a series of Western transfers at
time‐intervals of 60 min, 30 min, 20 min, 20 min, 30 min and 30 min (or unless
otherwise specified), whereby the PVDF membrane was replaced after each
transfer, whilst the 8 sheets of Whatmann 3MM chromatography paper were
replaced after every second transfer. PVDF membranes were blocked O/N (~ 16
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h) at 4 °C with 3% (w/v) BSA in TBS, prior to immunodecoration. Using a 1:1000
dilution of α‐ClpX antiserum in 3% (w/v) skim milk powder, the membranes
were immuno‐decorated for 60 min at RT with gentle shaking (see Appendix II,
Table 1). To remove unbound antibodies, the membranes were washed, 4× 10
min at RT (gentle shaking), with ~ 25 ml of TBS‐T (TBS supplemented with
0.05% (v/v) Tween20). Washed membranes were then incubated with HRP
conjugated secondary antibodies (see Appendix II, Table 1) for 60 min (RT),
followed by 2× 30 min washes with ~ 25 ml TBS‐T. Luminescence was then
detected as described in section 2.4.2 following exposure of the membrane for
10‐15 min. Figures were generated by overlaying electronic images captured
from 6 PVDF membranes with adjusted transparencies (100%, 50%, 33%, 25%,
20%) to ensure that all images had equal contribution to the overall result.

2.5.9 Gel Filtration
To examine protein complexes and/or further purify proteins obtained from
IMAC, protein mixtures were separated by size exclusion chromatography, using
pre‐equilibrated analytical grade gel filtration chromatography columns
(Superose 6 10/300 GL or Superose 12 HR 10/30), or a preparative grade
chromatography column (Superdex 75 HiLoad 16/60, (GE Healthcare)). Samples
were prepared in gel filtration buffer (20 mM Tris‐HCl pH 7.5, 10 mM MgCl2, 0.1
mM EDTA, 1 mM DTT, 140 mM NaCl, 5% (v/v) glycerol, 0.005% (v/v) Triton X‐
100) and injected onto the column, which was connected to an AKTA™ 900 UPC
Basic chromatography system fitted with an AKTA™ Frac‐900 fraction collector
(GE Healthcare), maintained at 4 °C. Proteins were monitored by absorbance at
280 nm or 254 nm and further analysed by SDS‐PAGE and/or immunoblotting
(section 2.3.1 and 2.4.2). Molecular weights of protein complexes were
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estimated using a standard curve generated from calibration of the appropriate
gel filtration column, using either Low Molecular Weight (LMW) or High
Molecular Weight (LMW) gel filtration protein standards (GE Healthcare).

2.5.10 Small angle Xray scattering (SAXS) of complexed RssBσs
SAXS experiments were performed on the SAXS/WAXS beamline at the
Australian Synchrotron. Preliminary experiments, performed with Trx‐RssB as a
static sample, indicated the presence of high MW aggregates, which interfered
with the analysis. To overcome this problem, gel‐filtration chromatography in‐
line with the synchrotron SAXS was used to separate/fractionate samples and
obtain scattering from the isolated species, rather than mixtures. These SAXS
data were collected using an established in‐line gel filtration chromatography
protocol (Gunn et al., 2011). Sample injections of Trx‐RssB (20 nmol), σs (35
nmol) and complexed RssB‐σs (at a 1:1 molar ratio, 12.5‐15 nmol) in the
presence of ACP (10 mM) were loaded onto a Superdex 200 16/600 preparative
column (GE Healthcare), pre‐equilibrated in RSSB gel‐filtration buffer (20 mM
Tris‐HCl pH 7.5, 10 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 140 mM NaCl, 5%
(v/v) glycerol, 0.005% (v/v) Triton X‐100), at a flow rate of 0.5 ml/min. For each
run, 600 detector images were collected as 2 s exposures every 2.1 s. The images
were analysed as averages of blocks of five sequential exposures using the
SAXS15ID software (Australian Synchrotron). Each image series was converted
to 120 individual I(q) vs. q profiles, where I(q) is scattered X‐ray intensity as a
function of the momentum transfer vector q = (4πsinθ)/λ, where the scattering
angle is 2θ and the X‐ray wavelength is λ (1.0332 Å). The q range over which
intensities were collected was 0.016‐0.524 Å‐1. SAXS data were analysed using
the ATSAS suite of programs (version 2.4) (Petoukhov et al., 2012). Masses of
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the individual proteins and protein complexes were estimated by Porod analysis
using AUTOPOROD, while the radius of gyration (Rg) was estimated by Guiner
analysis using AUTORG. Pair distance vector distribution functions P(r) were
calculated using AUTOGNOM, which also yielded the maximum dimension (Dmax)
of the scattering particle and the forward scattering intensity, I(0). Final data
sets were generated by averaging data corresponding to the respective peaks
where Rg, Dmax and the MW were consistent. Using the P(r) curves as input, 10
DAMMIF models were generated for each species, which were then averaged
and filtered using DAMAVER (Volkov & Svergun, 2003).

Rigid body refinement of thioredoxin (Trx), RssBN, RssBC and σs with inclusion
of linkers was attempted using BUNCH (Petoukhov & Svergun, 2005).
Nonetheless, due largely to the length of the interdomain linkers, inconsistent
domain arrangement solutions emerged. Therefore, both the N‐ and C‐domains
of RssB were manually fitted into the shape envelope to provide a qualitative
model consistent with Trx at the N‐terminus of the RssBN to determine the
possible position of σs in the Trx‐RssB‐σs complex.

2.6 Miscellaneous

2.6.1 Nterminal sequencing (Edman degradation)
Proteins were initially separated via SDS‐PAGE (section 2.3.1) and then
transferred to PVDF membrane (section 2.4.1) using CAPS buffer (10 mM 3‐
[cyclohexylamino]‐1 propane sulfonic acid (CAPS) pH 11, 10% (v/v) methanol).
To excise the protein band from the membrane the protein was first visualised
by staining of the membrane using Coomassie Brilliant Blue (section 2.3.1). The
CHAPTER 2 88

protein band was then cut from the membranes and 5‐6 cycles of Edman
degradation was performed on 10‐50 pmol of protein. Sequencing and analysis
was performed by the Australian Proteome Analysis Facility (APAF) using an
Applied Biosystems 494 Procise Sequencing system.

2.6.2 Generation of polyclonal antibodies
Polyclonal antibodies to RssB and σs were raised in New Zealand white rabbits
following the guidelines outlined in the Department of Biochemistry approval
Animal Ethics Committee application AEC 07‐24B [BG]. The antigen (200 µg)
was administered by intramuscular injection using emulsions of the purified
recombinant protein (in 1 ml of sterile PBS) in 1 ml of Freund’s Complete
Adjuvant (first injection) or Freund’s Incomplete Adjuvant (for subsequent
boosts). Samples of blood were collected and then allowed to coagulate (~ 24 h
at 4 °C) onto a solid support (sterile wooden stick). The coagulated material
bound to the solid support was removed and the serum was further clarified via
centrifugation (10 000 g, 10 min, 4 °C). The clarified polyclonal anti‐serum was
stored directly at ‐20 °C.
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Chapter 3
Elucidating the molecular interaction(s) between
ClpX & RssB

3.1 Introduction

3.1.1 The ClpX Ndomain, a substrate recognition platform
ClpX, like other members of the AAA+ superfamily of proteins (section 1.4.1),
such as ClpA, ClpC, HslU, Lon, FtsH, PAN/20S, and the 26S proteasome utilize
ATP hydrolysis to carry out an array of cellular processes. The diversity
exhibited by AAA+ proteins is not only attributed to the conserved AAA+
module, synonymous with this family of proteins, but also by the presence of
accessory domains that assist in both substrate binding and adaptor protein
interaction. The importance of the N‐terminal accessory domain of ClpX (also
known as the N‐domain or zinc‐binding domain (ZBD)) is evident from its
conservation across a broad range of species; ranging from prokaryotes to
higher organisms such as Mus musculus, Rattus norvegicus and Homo sapiens
(Wojtyra et al., 2003). This domain folds independently of the AAA+ domain and
alone forms a stable dimer in which each protomer is stabilised by the
coordination of a zinc ion (Zn2+) (Donaldson et al., 2003; Wojtyra et al., 2003;
Park et al., 2007). The ClpX N‐domain contains a C4‐type zinc binding motif, in
which four cysteine residues (Cys14, Cys17, Cys36 and Cys39) are involved in
chelating one Zn2+ ion (Wojtyra et al., 2003). The role for this domain in
substrate recognition became apparent when the ClpX‐mediated degradation of
two substrates (λO and MuA) was inhibited by its removal (residues 1‐60) (here
referred to as ΔNClpX) (Wojtyra et al., 2003). Therefore, the N‐domain of ClpX is
necessary and sufficient for the recognition and degradation of these substrates
(Wojtyra et al., 2003).

CHAPTER 3 91

3.1.2 The ClpX Ndomain, a platform for adaptor binding
Consistent with the ClpX N‐domain serving as a platform for recognition and
binding of substrates, such as those mentioned above, the ClpX N‐domain also
plays a role in binding of adaptor proteins. Adaptor proteins (section 1.4.3)
modulate substrate specificity, which can enhance or alter the specificity of their
cognate AAA+ protease (Dougan et al., 2002a; Kirstein et al., 2009b). In E. coli,
three distinct adaptors proteins (i.e. RssB, SspB and UmuD) deliver substrates to
ClpXP for degradation. Nevertheless, although these proteins share a similar
function (i.e. substrate delivery), their substrate repertoire is different. In
addition, primary sequence homology between the adaptors of ClpX is limited to
only a small region proposed to be required for ClpX‐docking (Dougan et al.,
2003).

SspB, unlike RssB and UmuD, delivers multiple substrates to ClpXP for
degradation. This is possible as SspB specifically recognizes the 11‐amino acid
long SsrA tag (section 1.4.3). Substrates containing this tag are generated as a
result of stalled polypeptide synthesis on ribosomes (section 1.4.1) (Keiler et al.,
1996). The ssrA tag can be directly recognised by ClpXP, promoting degradation
of the tagged protein. However, the adaptor protein SspB modulates this activity
to bring about more rapid and hence efficient degradation of SsrA‐tagged
proteins (i.e. Vmax (‐ SspB) 1.44 + 0.07 min‐1, Vmax (+ SspB) 0.96 + 0.06 min‐1
(Levchenko et al., 2000)). This modulation is possible via two highly flexible C‐
terminal tails of SspB (one in each protomer of the dimer), which dock to the N‐
domain of ClpX (Dougan et al., 2003; Wah et al., 2003; Wojtyra et al., 2003; Bolon
et al., 2004b; Hersch et al., 2004; Park et al., 2007). Interestingly, conservation of
the C‐terminal ClpX binding tails described for SspB, have also been implicated
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for both RssB and UmuD interaction with ClpX (Dougan et al., 2003; Neher et al.,
2003). Although the role of this region in RssB (known as the ClpX Binding
Region (XBR)) has not been examined for ClpX interaction, studies performed on
UmuD have shown a commonality in the usage of this region for ClpX interaction
(Neher et al., 2003).

UmuD is responsible for the delivery of the DNA damage inducible UmuD’ to
ClpXP. UmuD’ is an essential subunit of the error‐prone translesion DNA
polymerase (polV). Importantly, UmuD is only processed into UmuD’ following
DNA damage (Burckhardt et al., 1988; Shinagawa et al., 1988) and as part of the
shut off mechanism to prevent continued error prone DNA synthesis (UmuD’
must be removed from the cell). At this point, heterodimers of UmuD and UmuD’
(Battista et al., 1990), result in the UmuD‐dependent delivery of UmuD’ to ClpXP
(Gonzalez et al., 2000). As stated above, comparisons of UmuD to SspB revealed
that both adaptors bind to ClpX in a similar manner (Neher et al., 2003).
Common to both proteins, is the region important for ClpX N‐domain docking, in
which the SspB XBR (Leu‐Arg‐Val‐Val) and the UmuD N‐terminal ClpX binding
determinant (Leu‐Arg‐Glu‐Ile) are conserved (Gonzalez et al., 2000; Neher et al.,
2003). Consistent with the tethering observed for SspB to the ClpX N‐domain
(Dougan et al., 2003; Wah et al., 2003; Wojtyra et al., 2003; Bolon et al., 2004b;
Hersch et al., 2004; Park et al., 2007), UmuD binding occurs via tethering to the
ClpX N‐domain via the N‐terminal binding determinant, delivering UmuD’ to
ClpX, which is recognised through residues 33‐37, 41‐51 and 85‐109 in UmuD’
(Gonzalez et al., 2000). Consistent with an adaptor‐mediated delivery of UmuD’,
the UmuD‐dependent degradation of UmuD’, can be inhibited by SspB and the
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SspB XBR binding peptide (Neher et al., 2003). These results are consistent with
a competition for the ClpX N‐domain.

Collectively, these findings implicate the ClpX N‐domain as a common platform
for binding of these regulatory factors. Currently, the mode by which RssB
interacts with ClpX remains to be determined, however given the involvement of
the ClpX N‐domain in the docking of the adaptor proteins SspB and UmuD it is
proposed that the ClpX N‐domain may also serve as the docking site for RssB.
This chapter aims to address this gap in knowledge and elucidate the
importance of the ClpX N‐domain in RssB mediated‐degradation of σs.
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3.2 Results

3.2.1 Elucidating the importance of the ClpX Ndomain in RssBmediated
degradation of σs
Based on our current understanding of other ClpXP adaptors proteins (i.e. SspB
and UmuD) and the key role that the ClpX N‐domain serves in the docking of
these adaptor proteins, the importance of the ClpX N‐domain in the RssB‐
mediated degradation of σs was assessed through various in vitro assays
(section 2.5.1). Initially, experiments were performed using a truncated version
of ClpX, termed ΔNClpX, in which the mutant protein lacks the N‐terminal
domain (N‐terminal residues 1‐63). This truncation mutant was generated
based on comparisons of several ClpX homologues (Dougan et al., 2003), which
identified two highly conserved regions; an N‐terminal and a C‐terminal region
separated by a short variable sequence, which is sensitive to protease digestion
(Singh et al., 2001). Importantly, deletion of the N‐terminal domain of ClpX does
not effect ClpP‐mediated degradation of all ClpX‐dependent substrates (Dougan
et al., 2003).

In order to determine the role of the ClpX N‐domain in the RssB‐mediated
degradation of σs, in vitro degradation assays were performed (section 2.5.1).
Initially, as a control to ensure the integrity of ΔNClpX (section 2.5.2), the ClpP‐
mediated degradation of GFP‐ssrA was monitored. As expected, the ClpP‐
mediated degradation of GFP‐ssrA by ΔNClpX was unchanged when compared
to WT ClpX‐mediated degradation of the same substrate (data not shown). With
the successful isolation of active ΔNClpX, the role of the ClpX N‐domain in the
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Figure 3.1:

The ClpX Ndomain is an important structural element for
RssBmediated degradation of σ s

A) Coomassie Brilliant Blue stained 10% Bis‐Tris buffered SDS‐
polyacrylamide gel showing the effects of ΔNClpX on RssB‐mediated
degradation of σs. Lane 1, M12 MW markers; lanes 2‐7 and lanes 8‐13,
time course of σs degradation by WT ClpX and ΔNClpX respectively.
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B) Quantification of three independent degradation experiments
(n=3), shaving the degradation of σs in the presence of WT (closed
circles) and ΔNClpX (open circles). Error bars represent standard
error of the mean (SEM).
C) Degradation of σs in the absence or presence of increasing amounts
of ClpXN. Error bars represent SEM from three independent
experiments.

degradation of σs was investigated by monitoring the degradation of σs in the
presence of WT and ΔNClpX. As expected, σs degradation by ClpXP occurred in
an RssB‐dependent manner, with a half‐life of ~ 2.5 min (Figure 3.1 A, lanes 2‐7;
Figure 3.1 B, filled circles). In contrast, RssB‐mediated degradation of σs by ClpP
was abolished in the presence of ΔNClpX (Figure 3.1 A, lanes 8‐13; Figure 3.1 B,
open circles). These data indicate that the N‐domain of ClpX plays an important
role in RssB‐mediated degradation of σs.

To validate this observation, competition based degradation assays (section
2.5.1) using the ClpX N‐domain were performed to determine if the N‐domain of
ClpX was sufficient for binding of RssB‐σs. In this case, the degradation of σs (1
µM) was monitored by SDS‐PAGE in the absence or presence of the ClpX N‐
domain (5 µM to 20 µM). Following quantification of three independent
experiments (Figure 3.1 C), a reduction in the rate of σs degradation was
observed with increasing concentrations of the ClpX N‐domain. This inhibition
was most evident at the highest concentration of ClpX N‐domain (Figure 3.1 C,
open circles), whereby ~50% of σs still remained after 60 min. This result is
consistent with a competition between full‐length ClpX and the ClpX N‐domain
for binding of RssB‐σs. However, whether this competition was representative of
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a direct interaction of the ClpX N‐domain with RssB, σs or the complex, could not
be determined.
3.2.2 SspB and RssB compete for the same binding site on ClpX: the ClpX Ndomain
To further examine the role of the N‐domain of ClpX as a common adaptor‐
binding platform, additional competition‐based degradation experiments were
A
B

Figure 3.2:

Competitive binding of SspB to the ClpXN

Coomassie Brilliant Blue stained 15% glycine‐buffered SDS‐polyacrylamide
gels, showing the in vitro degradation of σs by ClpXP, mediated by RssB, in the
absence and presence of increasing amounts of SspB.
A) Time course of RssB‐mediated degradation of σs (lanes 1‐5) in the
absence (top panel) and presence of 2 µM (second panel), 10 µM (third
panel) and 20 µM (fourth panel) SspB.
B) Bar graph representation of RssB‐mediated ClpXP degradation of σs in
the presence of SspB, relative to no SspB control. Error bars represent
the SEM (n=3).
performed. The question being addressed was whether or not RssB binds to the
N‐domain of ClpX in a manner similar to SspB (Neher et al., 2003). Here, the
RssB‐mediated degradation of σs by ClpXP was monitored at 37 °C for 60 min in
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the absence or presence of increasing concentrations of SspB (up to 20 µM)
(section 2.5.1). Consistent with a direct competition between RssB and SspB for
docking to ClpX, the degradation of σs was reduced in the presence of SspB
(Figure 3.2 A, lanes 1‐5; Figure 3.2 B). This suggests that both adaptors compete
for the same binding site on ClpX (i.e. the ClpX N‐domain), which supports the
previous findings (section 3.2.1) implicating the ClpX N‐domain as an important
site for σs degradation.
A

B

Figure 3.3:

Competitive binding of the SspB XBR peptide (SspBXBR) to
the ClpXN

Coomassie Brilliant Blue stained 15% glycine‐buffered SDS‐polyacrylamide
gels, showing in vitro degradation of σs by ClpXP, mediated by RssB in the
absence and presence of increasing concentrations of SspBXBR.
A) Time course of RssB‐mediated degradation of σs (lanes 1‐5) in the
absence (top panel) and presence of 25 µM (second panel), 50 µM
(third panel), 75 µM (fourth panel) and 125 µM (fifth panel) SspBXBR.
B) Bar graph representation of σs degradation rates in the presence of
SspBXBR, relative to no SspBXBR control. Error bars represent the SEM
(n=3).
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To ensure that the inhibition of RssB‐mediated degradation of σs, by SspB, was
not simply due to steric hindrance of the pore of ClpX, the competition‐based
experiment was also performed in the presence of the SspB ClpX binding region
peptide (SspBXBR). The SspBXBR can bind to ClpX and inhibit SspB‐stimulated
degradation of SsrA‐tagged substrates (Dougan et al., 2003). As performed for
full‐length SspB competition‐based degradation experiments (Figure 3.2), the
RssB‐mediated degradation of σs was monitored in the presence of increasing
concentrations (up to 125 µM) of the SspBXBR peptide. The reaction was
incubated at 30 °C and following addition of ATP (10 mM), samples were
collected at various time points before being analysed by SDS‐PAGE (section
2.3.1). Importantly, the ClpXP‐mediated degradation of GFP‐ssrA was unaffected
by the addition of the SspBXBR peptide at 250 µM (data not shown), which is
consistent with published findings (Dougan et al., 2003; Wah et al., 2003).
Consistent with the inhibition by SspB, the degradation of σs was also inhibited
with increasing concentrations of the SspBXBR peptide (Figure 3.3 A, lanes 1‐5).
Indeed, almost complete inhibition of σs degradation was achieved in the
presence of 125 µM of the SspBXBR peptide (Figure 3.3 B). As such, these data
suggest that the SspBXBR peptide inhibits the RssB‐mediated degradation of σs
through competitive binding to the ClpX N‐domain.

3.2.3 RssB binds to the ClpX Ndomain
To directly probe the interaction between RssB and the ClpX N‐domain, a variety
of different approaches were taken. The first approach involved chemical cross‐
linking experiments, which were performed using glutaraldehyde (GA) (section
2.5.4). Specifically, “authentic” untagged RssB (35 µg) (see Chapter 4) was pre‐
incubated at 25 °C for 2 min in the presence and absence of approximately a 4‐
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fold molar excess of the ClpX N‐domain (35 µg). Following the addition of GA,
complex formation was then monitored at 25 °C by collecting samples (Figure
3.4) with reactions terminated at the indicated time points by addition of Tris‐
HCl, pH 8.0. Proteins were separated by SDS‐PAGE (section 2.3.1) and complexes
A

B

Figure 3.4:

Glutaraldehyde (GA) crosslinking of the ClpXN to RssB

Immunoblot with α‐His antibody (A) and α‐RssB (B) antiserum of in vitro GA
cross‐linking experiments; separated by 16.5% Tricine‐buffered SDS‐PAGE.
A) Cross‐linking of the ClpXN in the absence (lanes 1‐6) or presence
(lanes 7‐12) of RssB, asterisk (*) denotes non‐specific species.
B) RssB in the absence (lane 1‐6) or the presence of the ClpXN (lanes 7‐
12).
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visualised by immuno‐decoration (section 2.4.2), using either α‐RssB antiserum
or α‐His antibody for the detection of RssB and His‐tagged ClpX N‐domain,
respectively. Consistent with published findings, only dimers of the ClpX N‐
domain were observed in the presence of GA (Figure 3.4 A, lane 2‐6), with no
other high MW oligomers detected, even after incubation for 30 min (Figure 3.4
A, lane 6). Next, to examine the interaction between ClpX and RssB, the GA cross‐
linking experiment was performed in the presence of RssB (Figure 3.4 A and B,
lanes 7‐12). Immuno‐decoration of the separated samples, using specific
antiserum, indicated that both RssB and the N‐terminal domain of ClpX were
found in a high molecular weight complex of approximately 47 kDa (Figure 3.4 A
and B, lanes 8‐12). This complex was detected as early as 5 min (Figure 3.4 A,
lane 9), which is consistent with the theoretical MW for a monomer of the ClpX
N‐domain with a monomer of RssB (theoretical complex MW 46.6 kDa).

To confirm that the immuno‐reactive band of approximately 47 kDa (Figure 3.4
A, lanes 9‐12), also contained RssB; the PVDF membrane was probed with the α‐
RssB antiserum. Importantly, an immuno‐reactive band (of approximately 47
kDa) was only observed in experiments in which cross‐linking was performed in
the presence of both RssB and the ClpX N‐domain (Figure 3.4 B, lanes 9‐12). This
indicated that both RssB and the ClpX N‐domain were present in this single
cross‐linked protein complex. Hence, the occurrence of both proteins in a single
cross‐linked protein band of ~47 kDa is consistent with the formation of a
complex, supporting the idea of a direct interaction between the ClpX N‐domain
and RssB. Collectively these data suggest that the N‐domain of ClpX serves as a
common docking platform not only for SspB and UmuD, but also for RssB.
3.2.4 The ClpX Ndomain does not crosslink to σs
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Previously it was proposed that the N‐terminal 55 residues of σs are required for
interaction with ClpX (Studemann et al., 2003). However, whether these
residues interact with the ClpX N‐domain directly, or the axial pore of ClpX has
remained unknown. To determine whether the N‐domain of ClpX is directly
responsible for this interaction, chemical cross‐linking experiments were
performed as described in section 3.2.3. GA cross‐linking of the ClpX N‐domain
at a 4‐fold molar excess, was performed in the absence or presence of σs (35 µg).
Following the addition of GA, samples were collected at the times indicated in
which free and cross‐linked proteins were separated by SDS‐PAGE. In the
absence of the ClpX N‐domain, the α‐σs antiserum immuno‐decorated two
discrete bands; an σs specific band and a non‐specific band (*) of ~35 kD (Figure
3.5 A, lanes 1‐6). In the presence of ClpX N‐domain, the σs specific immuno‐
reactive band remained unchanged, while in contrast the non‐specific band seen
in the absence of the ClpX N‐domain was observed at a higher molecular weight.
Importantly, consistent with the absence of any interaction between σs and the
ClpX N‐domain, σs did not affect the oligomeric state of the ClpX N‐domain nor
the kinetics of its dimerisation. Both of which were determined by immuno‐
decoration of the GA cross‐linking experiment using the α‐His antibody (Figure
3.5 B, compare lanes 1‐6 with lanes 7‐12). This is in contrast to the addition of
RssB to the ClpX N‐domain, which demonstrated the presence of an additional
protein band (Figure 3.4 A). Collectively these data demonstrate, in the absence
of RssB, the ClpX N‐domain does not interact directly with the substrate σs.
However, this does not exclude the possibility that σs interacts with the N‐
domain of ClpX, when delivered by RssB.
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A

B

Figure 3.5:

GA crosslinking of the ClpX Ndomain to authentic σ s

Immuno‐decoration with α‐σs antiserum (A) and α‐His antibody (B) of in
vitro GA cross‐linking experiments; separated by 16.5% Tricine‐buffered
SDS‐PAGE.
A) Authentic σs in the absence (lane 1‐6) or the presence of the ClpXN
(lanes 7‐12); *, non‐specific immunoreactive specie.
B) ClpXN in the absence (lanes 1‐6) or presence (lanes 7‐12) of authentic
σs .
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3.3 Discussion

3.3.1 The ClpX Ndomain an essential domain for RssBmediated degradation of σs
The accessory domain of ClpX is synonymous with both substrate and adaptor
protein binding. The data presented within this chapter describes the
involvement of the ClpX N‐domain in RssB‐mediated degradation of σs. In vitro
degradation assays performed using truncated ΔNClpX, demonstrated a loss of
σs degradation (Figure 3.1 A, B); consistent with abolishment of complex
formation between RssB‐σs and ClpX. Furthermore, competition‐based
experiments

using

the

ClpX

N‐domain

at

increasing

concentrations

demonstrated a competition between the full‐length WT ClpX and the ClpX N‐
domain for delivery of the RssB‐σs complex (Figure 3.1 C).

Although the

observable inhibition is consistent with an interaction between the ClpX N‐
domain and a complex of RssB‐σs, total inhibition of σs degradation was not
achieved as described for experiments performed with ΔNClpX. The
discrepancy, between a total loss of degradation (see Figure 3.1 A) versus
incomplete inhibition (see Figure 3.1 C) together with no observable cross‐
linked complexes between the ClpX N‐domain and σs (Figure 3.5), suggest that
σs may form additional interactions with ClpX that are independent of the ClpX
N‐domain. Such a scenario is based on the presumption that only RssB directly
interacts with the ClpX N‐domain (will be discussed in further detail below)
since the experiments employed could not address the possibility that a
conformational change induced in σs, as a result of RssB binding, promotes
binding of σs to the N‐domain of ClpX. This type of “activated” recognition, in
which a series of interactions are made not only between the adaptor protein
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and the chaperone (i.e. ClpX), but also directly between the chaperone and the
substrate itself, is not a novel idea. These multi‐faceted interactions have been
described previously for both the degradation of ssrA‐tagged substrates and N‐
RseA, when bound by SspB (Flynn et al., 2004; Levchenko et al., 2005) in
addition to the two‐component signalling protein, CtrA, which has bipartite
signals that are essential for its degradation (Ryan et al., 2002). In the case of
SspB, upon binding of either substrate, two flexible C‐terminal tails dock to the
ClpX N‐domain (Dougan et al., 2003; Wah et al., 2003; Wojtyra et al., 2003; Bolon
et al., 2004b; Hersch et al., 2004; Park et al., 2007). In addition to C‐terminal tail
binding, there is simultaneous engagement of the substrate’s SsrA‐tag with the
ClpX pore‐loop, further stabilising the ternary complex. An artificial complex
containing the ssrA‐tag covalently attached to SspB via an engineered disulphide
bond was found to bind ClpX more tightly than SspB or the tag alone (Bolon et
al., 2004a). This avidity effect, which is achieved by multiple interactions not
only between the adaptor and chaperone, but also through the substrate itself
ensures a strong binding for what are a series of relatively weak interactions.
Like the SsrA‐tag, σs also contains bipartite signals that ensure its degradation
by ClpXP (Studemann et al., 2003). In addition to the RssB binding determinant,
termed the “turnover element” (or promoter recognising region 2.4) (Becker et
al., 1999), an N‐terminal element/degradation motif (N‐motif‐1) located within
the first 55 N‐terminal residues has been implicated in ClpX binding (Flynn et al.,
2003; Studemann et al., 2003). Mutations introduced into the N‐terminus of σs
such as Lys7, a conserved residue present in several other ClpXP substrates (e.g.
Dps), had no effect on σs degradation, although mutations in adjacent residues
such as Val8 and His9 had strong affects on the turnover of σs in vivo, which
were specific to ClpX recognition/binding (Studemann et al., 2003). However, in
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light of the GA cross‐linking experiments performed with σs and the ClpX N‐
domain, it goes without saying that conformational changes in σs, (postulated on
numerous occasions) upon RssB binding, cannot be ruled out in regard to an
interaction between the ClpX N‐domain and σs.

3.3.2 The ClpX Ndomain serves as a common docking platform
The involvement of the ClpX N‐domain in chaperone modulation has been
characterised using the adaptor protein SspB. Numerous studies describing
SspB delivery of ssrA‐tagged substrates to ClpXP have confirmed the ClpX N‐
domain as a bona fide docking platform. As briefly described above, degradation
experiments performed with ΔNClpX demonstrate that the ClpX N‐domain is
critical for σs degradation (Figure 3.1). In the absence of the ClpX N‐domain, σs
remained completely stable. Consistent with the idea that the ClpX N‐domain is a
common docking platform for SspB and RssB, titration of SspB, was able to
inhibit the ClpXP‐mediated degradation of σs. Inhibition was also observed using
the SspBXBR), which at the highest concentration almost completely inhibited
RssB‐mediated degradation of σs. Consistently, high SspBXBR peptide
concentrations inhibited the enhanced degradation of GFP‐ssrA mediated by
SspB (Dougan et al., 2003). This demonstrates that SspBXBR only interacts with
the ClpX N‐domain (i.e. does not influence the activity of other domains of ClpX).
In regard to RssB, direct cross‐linking to the ClpX N‐domain (Figure 3.4); further
suggests that like SspB, RssB directly interacts with the ClpX N‐domain.
Importantly, this interaction between RssB and ClpX was also observed by GA
cross‐linking (Figure 3.4) using α‐His antibody to monitor ClpX complexes
(Figure 3.4 A). Interestingly, visualisation of this complex (using α‐RssB
antiserum) was less sensitive (Figure 3.4 B) than with the α‐His antibody
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(Figure 3.4 A). However, this reduction in detection may relate to a loss in
antibody epitope recognition, upon complex formation with the ClpX N‐domain.
Fortunately, the interaction probed for the ClpX N‐domain (α‐His antibody),
suggests that the ClpX N‐domain serves as a docking platform for RssB. Thus, the
N‐domain of ClpX appears to bind three different adaptor proteins‐ RssB, SspB
and UmuD, which deliver their cargo (σs, SsrA‐tagged polypeptides and UmuD’
respectively) in close proximity to the translocation pore of ClpX. UmuD is
proposed to deliver its substrate UmuD’ to ClpX, by docking to the ClpX N‐
domain via its putative XBR (Leu‐Arg‐Glu‐Ile), which is located at the N‐
terminus of UmuD (Neher et al., 2003). Interestingly, and similar to the
proposed mechanism for delivery of σs by RssB, UmuD’ also makes direct
contact with the AAA+ core of ClpX (Neher et al., 2003). Although a common
mode of adaptor binding to ClpX appears to exist between all three proteins,
differences in binding preference to the ClpX N‐domain have also been observed.
Mutations introduced into the hydrophobic pocket on the surface of the ClpX N‐
domain, had little to no effect in regard to σs degradation (Micevski, 2007). The
same mutation however, was shown to abolish the SspB‐mediated enhancement
of GFP‐ssrA degradation (Thibault et al., 2006). These differences in binding
preference to the ClpX N‐domain, which make the ClpX N‐domain a highly
versatile platform, may be required for correct positioning of their respective
substrates to ClpXP for degradation. The diversity in substrate binding by ClpX
was demonstrated in a study performed by Baker and colleagues (Chowdhury et
al., 2009). This study demonstrated that the E. coli ClpX N‐domain was shown to
recognise an ortholog of SspB (C. crescentus) for which there is very limited
sequence homology between the two proteins. This type of versatility, common
amongst most AAA+ proteases (Gonzalez et al., 1998; Gottesman et al., 1998;
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Hoskins et al., 2000; Griffith et al., 2004; Erbse et al., 2006; Hoskins & Wickner,
2006; Gur & Sauer, 2008), may account for the subtle differences in substrate
delivery, for which a common domain (i.e. ClpX N‐domain) is occupied.
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Chapter 4
Identification and characterisation of the role of
individual domains in RssB

4.1 Introduction

Bacteria often encounter changes to their living conditions, whether it be the
availability of nutrients or factors such as fluctuations in pH, temperature and
oxygen availability. Their ability to adapt to such conditions is vital for cell
survival. In order to survive these stressful conditions, most bacteria have
developed intracellular signalling systems that enable them to couple a diverse
range of adaptive responses to specific environmental stimuli. This is possible
through a significant number of signalling molecules and signal transduction
proteins. Prevalent amongst a distinct repertoire of protein signalling molecules
(Galperin, 2005) are two‐component response regulators (RRs) that function by
using a conserved phosphoryl transfer pathway, which involves both a histidine
kinase (HK) and a RR. This process occurs through the autophosphorylation of
the HK at a conserved histidine residue, which is then transferred to a conserved
aspartate on the cognate RR, through the phosphatase activity of the HK. As
such, the RR is the fundamental control element of the pathway, which functions
as a phosphorylation‐activated switch that delivers an output response.

4.1.1 The general structure of twocomponent response regulators
Most two‐component RRs consist of two domains: a conserved N‐terminal
regulatory domain (section 4.1.2) and a variable C‐terminal effector domain
(section 4.1.3). Despite the overall conserved architecture of these RRs, a
fundamental question, raised over a decade ago, has yet to be fully addressed.
How does a conserved N‐terminal regulatory domain (20‐30% sequence
homology amongst other RR regulatory domains) control the activity of
structurally and functionally dissimilar effector domains? To address this
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question, isolated active and inactive regulatory domains have been
characterised, which revealed the existence of (in general) two conformational
states, which were dependent on phosphorylation. These altered states have
been shown to cause changes in the molecular surface of several RRs, which
regulate protein‐protein interactions. However, to date there is little
information concerning the domain structure of the RR RssB and how its
domains function to permit a critical role in the general stress response in
bacteria.

4.1.2 The regulatory domain (Ndomain) of twocomponent RRs
As mentioned above, the regulatory domain is well conserved amongst most
RRs, and to date much of our understanding of regulatory domain function has
been derived from the single‐domain chemotaxis protein CheY. CheY is a
chemotactic regulator that controls the direction of flagella rotation in E. coli.
Autophosphorylation

of

the

HK

CheA

results

in

the

downstream

phosphorylation of CheY (Hess et al., 1987; Hess et al., 1988; Wylie et al., 1988).
Phosphorylated CheY then interacts strongly with the flagella motor switch, FliM
(Welch et al., 1993), which alters the motors rotational bias from anti‐clockwise
to clockwise (Eisenbach & Adler, 1981; Clegg & Koshland, 1984; Ravid et al.,
1986; Wolfe et al., 1987; Barak & Eisenbach, 1992).

CheY is a small (128 residues) α/β protein, with a central five‐stranded parallel
β−sheet surrounded by five α‐helices (Stock et al., 1989; Volz & Matsumura,
1991). The site of CheY phosphorylation, Asp57 (equivalent to Asp58 in RssB) is
located on an exposed loop at the C‐terminal end of the β3 strand (Sanders et al.,
1989). Surrounding this site are several conserved residues, which aid in the
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coordination of Mg2+ (Asp12 and Asp13) and permit phosphorylation‐induced
conformational changes in CheY (Thr87 and Lys109) (Lukat et al., 1990; Lukat et
al., 1991; Needham et al., 1993; Zhu et al., 1997a; Appleby & Bourret, 1998). The
phosphorylation of CheY (and several other receiver domains), does not result
in substantial changes in secondary structure; rather, it often involves subtle
displacements of the peptide backbone (typically ~1 Å) and perturbations of the
α4‐β5‐α5 molecular interface, which exposes a potential protein interaction
surface (Roman et al., 1992; Sockett et al., 1992; Swanson et al., 1995; Zhu et al.,
1997b; McEvoy et al., 1998; Welch et al., 1998; McEvoy et al., 1999; Lee et al.,
2001a; Lee et al., 2001b).

Consistent with other two‐component RRs, the putative receiver domain (N‐
domain) of RssB also contains a highly conserved aspartate residue (Asp58),
which is phosphorylated (Bouche et al., 1998). In vitro interaction studies with
its interaction target σs, in addition to in vitro degradation experiments, have
demonstrated a dependence on phosphorylation for optimal binding and
degradation of σs (Bouche et al., 1998; Becker et al., 1999; Klauck et al., 2001;
Zhou et al., 2001). However, although phosphorylation has been demonstrated
to improve RssB‐σs binding, the actual importance of phosphorylation in the
activation and/or regulation of RssB are a topic of controversy. Nevertheless,
given the similarities between CheY and the N‐terminal region of RssB, it is
plausible that both proteins use a similar mode of action to increase binding to
their cognate substrate (Chapter 5). The role of phosphorylation is described in
greater detail in Chapter 5.
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4.1.3 The effector domain (Cdomain) of twocomponent RRs
In contrast to the N‐domain, the C‐terminal effector domain of most two‐
component RRs, is diverse not only in amino acid sequence, but also in protein
function. As such these proteins play an important role in a variety of different
signalling pathways. In E. coli, the vast majority of RRs (~65% of those analysed
to date) are transcription factors with DNA‐binding effector domains (Galperin,
2006; Galperin, 2010). In some cases (~11%), the C‐terminal effector domain
contains enzymatic activity (Galperin, 2006; Galperin, 2010), such as the CheB
family of methylesterases that participate in chemotaxis (Simms et al., 1985).
However, not all RR possess a C‐terminal domain. Approximately 14% of the
identified RRs lack an effector domain altogether, and as such, these proteins are
commonly referred to as “stand‐alone” RRs (Welch et al., 1993; Galperin, 2006;
Galperin, 2010). Interestingly, of the 9000 bacterial RRs identified,
approximately 2% contain effector domains implicated in protein binding
(Galperin, 2006; Galperin, 2010).

Consistent with this variability observed in the effector domain, inter‐domain
communication between the regulatory and effector domains of individual RR
also seems to be highly diverse. Removal of the regulatory domains in some RRs
disrupts the proteins ability to relay signals, whilst in other cases, it has little to
no effect and can even result in constitutive activation (Drummond et al., 1990;
Huala et al., 1992; Anand et al., 1998). These functional differences observed
from one RR to another, coincides with variability in the inter‐domain
communication of individual RRs (Galperin, 2010).
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As for RssB, information concerning the domain structure is limited to sequence
alignments and secondary structural predictions (Klauck et al., 2001). From this
bioinformatic analysis, the N‐ and C‐terminal domains were identified, both of
which were shown to be important for σs binding in vivo (Klauck et al., 2001).
However, the precise nature of these domains remains undefined in terms of
their exact length, structure and function. Therefore, the aim of the study
described in this chapter was to experimentally determine the domains of RssB,
in order to define the role of each domain.
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4.2 Results
Limited proteolysis (also referred to as partial proteolysis) has often been used
successfully to identify stable domains within a protein (Schwartz et al., 1999;
Koth et al., 2003). Protease digestion of exposed or flexible regions, enable the
separation of individual globular domains by SDS‐PAGE and the identification of
the domain boundaries by N‐terminal sequencing (section 2.6.1) and/or mass
spectrometry. In order to determine the domain organisation of RssB, limited
proteolysis of an untagged version of RssB was performed (section 2.5.3).

4.2.1 Cloning authentic (untagged) E. coli rssB
For the generation of authentic RssB, the E. coli gene (rssB) was amplified by
PCR and cloned into a ubiquitin (Ub) fusion expression vector (pHUE), as
illustrated in Figure 4.1 A. Specifically, rssB was amplified by PCR (section
2.1.1)(Figure 4.1 B, lane 2) from pET32a/rssB (kindly donated by Prof. R.
Hengge, Free University, Berlin, Germany) (see Appendix I, Table 2) using
primer pair A (see Appendix I, Table 1). Following restriction digestion (section
2.1.7) of the amplified DNA fragment (rssB) and the plasmid (pHUE) using Bam
HI and Hind III, the digested and gel purified DNA fragments were ligated
together using T4 DNA ligase (section 2.1.10). The ligated plasmid DNA was then
transformed (section 2.1.4) into competent E. coli XL1‐blue cells (section 2.1.3),
and positive transformants were selected on 2 × YT agar plates containing
ampicillin. A positive clone, containing an insert of approximately the correct
size (~1000 bp) was identified by restriction endonuclease digestion (with Bam
HI and Hind III) of the isolated plasmid (Figure 4.1 C, lane 2). The putative
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Figure 4.1:

Cloning of rssB into pHUE

A) Schematic representation of the strategy used to generate pHUE/rssB
via (1) amplification by PCR, (2) restriction endonuclease digestion
with Bam HI and Hind III, and (3) “sticky‐end” ligation.
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B) Ethidium Bromide (EtBr) stained 1% (w/v) agarose gel,
demonstrating the amplification of E.coli rssB. Lane 1, 1 kb+ DNA
ladder (bp); lane 2, amplified E.coli rssB.
C) 1% (w/v) agarose gel, stained with EtBr containing Bam HI and Hind
III digested positive (pHUE/rssBWT) clone. Lane 1, 1 kb+ DNA ladder
(bp); lane 2, digested pHUE/rssB clone.
D) Coomassie Brilliant Blue stained 15% glycine‐buffered SDS‐
polyacrylamide gel showing IPTG induction of ubiquitin‐fused RssB in
E. coli whole cell extract. Lane 1, M12 MW markers in the presence of
pre‐induced cells (‐IPTG) (lane 2) and IPTG‐induced cells (lanes 3‐6).

positive clone was verified by DNA sequencing (section 2.1.11). Next, the
positive clone was transformed into competent BL21‐CodonPlus (DE3)‐RIL E.
coli cells, and protein expression was tested, initially on a small scale (section
2.2.1). SDS‐PAGE analysis (section 2.3.1) revealed that, one hour after the
addition of IPTG (0.5 mM); a band of the expected MW for an ubiquitin‐RssB
fusion protein (~46 kDa) was expressed (Figure 4.1 D, lanes 3‐6).

4.2.2 Expression and purification of ubiquitinfused RssB, and preparation of
purified untagged RssB
A brief schematic outline for the purification of untagged RssB is shown in
Figure 4.2 A. Following expression of His6‐Ub‐RssB, the cells were harvested
(section 2.2.4), and the soluble cell‐lysate (Figure 4.2 B, lane 3) was applied to
Ni2+‐NTA agarose beads. Next, the column (containing bound lysate proteins)
was washed with W10 and W20 buffer, containing 10 mM and 20 mM imidazole
respectively, to remove non‐specifically bound proteins before the His6‐tagged
protein was specifically eluted using W250 buffer containing 250 mM imidazole.
SDS‐PAGE analysis of the eluted proteins (Figure 4.2 B, lane 5) illustrated that
His6‐Ub‐RssB had been partially purified along with several contaminating
proteins (i.e. His6‐Ub), as a result of in vivo cleavage of His6‐Ub‐RssB, possibly by
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Figure 4.2:

Generating authentic RssB

A) Schematic representation of the process involved in generating
authentic RssB. (1) Expression, extraction and purification of
ubiquitin‐fused RssB; (2) cleavage of ubiquitin by the
deubiquitylating enzyme (Usp2cc); (3) reverse IMAC, removed His6‐
Ub and His‐Usp2cc.
B) Coomassie Brilliant Blue stained 15% glycine‐buffered SDS‐
polyacrylamide gel, showing the over‐expression and cleavage of
His6‐Ub‐RssBWT. Lane 1, pre‐induced cells (‐IPTG); lane 2, 4 h post‐
IPTG induced cells; lane 3, total (T) cell lysate recovered after
extraction; lane 4, M12 molecular weight markers; lanes 5 and 6, His‐
Ub‐RssB before and after Ub cleavage; lane 7, purified RssB collected
from the IMAC pass through (PT) fraction.
C) Coomassie Brilliant Blue stained 15% glycine‐buffered SDS‐
polyacrylamide gel showing: M12 MW markers (lane 1); in vitro
degradation of σs in the presence of Trx‐RssB (lanes 2‐6) and
authentic RssB (lanes 7‐11).
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an endogenous E. coli deubiquitylating enzyme (Catic et al., 2007). The fusion
protein was then incubated with His6‐Usp2cc deubiquitylating enzyme, in order
to cleave His6‐Ub from RssB (Figure 4.2 B, lane 6). Untagged RssB was recovered
in the pass through fraction following IMAC (Figure 4.2 B, lane 7). Before
comparing the relative activity of untagged/authentic RssB and the thioredoxin
(Trx)‐RssB fusion protein (Bouche et al., 1998), the purity of the different
protein preparations was compared by SDS‐PAGE analysis. Comparison of the
authentic RssB to the Trx‐RssB preparation revealed both proteins were
recovered to ~95% purity (data not shown).

Prior to performing limited proteolysis experiments with the untagged RssB, its
activity was compared to the Trx‐RssB fusion protein. ClpXP‐mediated in vitro
degradation assays of σs (section 2.5.1) were performed, in the presence of 0.5
µM Trx‐RssB (purified from inclusion bodies, as described by Bouche et al.,
(1998) and 0.5 µM RssB. Following pre‐incubation with AcP, the reactions were
initiated with the addition of ATP, samples were collected at the indicated time‐
points and separated by SDS‐PAGE (Figure 4.2 C, lanes 2‐11). Consistent with
previous data (see Chapter 3, section 3.2), the degradation of σs in the presence
of Trx‐RssB was relatively rapid with a half‐life of < 7.5 min (Figure 4.2 C, lanes
2‐6). Interestingly, the degradation rate of σs, mediated by untagged RssB
(Figure 4.2 C, lanes 7‐11) was faster than that mediated by the Trx‐RssB fusion
protein. This small difference in the rate of degradation of σs by untagged RssB
was likely caused by the presence of a smaller amount of aggregated RssB in the
“authentic” RssB purifications, when compared to the Trx‐RssB isolated from
inclusion bodies. As a result, all subsequent experiments were performed using
either untagged RssB or homogenous Trx‐RssB, in which the aggregated (and
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inactive) protein was removed by size exclusion chromatography (data not
shown).

4.2.3 Elucidating the domain structure of RssB
To determine the structural domains of RssB, as described above, a limited
proteolysis approach was taken (section 2.5.3). Initially, untagged RssB (20 µg)
was incubated with thermolysin (0.8 µg) at 20 °C. In the absence of thermolysin
(Figure 4.3 A, lane 2), RssB migrated as a single protein band as analysed by
Coomassie brilliant blue stained SDS‐PAGE. Following the addition of
thermolysin to RssB and incubation at 20 °C, several additional protein bands
became visible (Figure 4.3 A, lanes 4‐7). Finally, after incubation with
thermolysin for 60 min, much of the full‐length protein was digested into two
stable protein fragments of approximately 22 kDa and 12 kDa respectively
(Figure 4.3 A, lane 7). Similarly, partial proteolysis experiments performed with
subtilisin (0.8 µg) also resulted in the generation of two main fragments, a stable
22 kDa protein fragment (Figure 4.3 B, lanes 4‐7) and a 12 kDa fragment.
Interestingly, both of the subtilisin‐generated fragments were less stable (Figure
4.3 B, lane 7) than the equivalent fragments generated by thermolysin (Figure
4.3 A, lane 7). Moreover, in the subtilisin experiments, an additional core
fragment (~18‐20 kDa) was observed at the later time‐points (Figure 4.3 B,
lanes 6 and 7).

To identify the boundary of these two domains, 20 µg of untagged RssB was
incubated at 20 °C for 30 min, in the presence of subtilisin (0.8 µg). The protein
fragments were separated by SDS‐PAGE and transferred to a PVDF membrane
(section 2.4.1). After staining the membrane, both the 22 kDa fragment (Figure
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Figure 4.3:

Elucidating the domain structure of RssB

A) Coomassie Brilliant Blue stained 16.5% tricine‐buffered SDS‐
polyacrylamide gel showing the cleavage of RssB in the presence of
thermolysin. Lane 1, M12 MW markers; lane 2, 1 µg of RssB in the
absence of thermolysin; RssB in the presence of thermolysin (lane 4‐
7) for times indicated.
B) Cleavage of RssB in the presence of the protease subtilisin on a
Coomassie Brilliant Blue stained 16.5% tricine‐buffered SDS‐PAGE.
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Lane 1, M12 molecular weight markers; lane 2, 1 µg of RssB in the
absence of subtilisin; lanes 3‐7, time‐RssB in the presence of subtilisin
for the indicated times.
C) Coomassie Brilliant Blue stained PVDF membrane showing RssB
fragments following limited proteolysis. Lane 1, M12 MW markers;
lane 2, load and reference control 1 µg of RssB before addition of
subtilisn; lane 3, RssB following 30 min incubation with subtilisin.
D) The N‐terminus of the C‐terminal domain was determined by Edman
degradation (red font). The proposed N‐domain and C‐domain are
indicated (highlighted in dark green and light green respectively).
4.3 C, lane 3) and the 18‐20 kDa fragment (data not shown) were excised and
analysed via six cycles of Edman degradation (section 2.6.1). Importantly, the N‐
terminal amino acid sequence of both protein fragments was the same
(RVEEEE). This indicated that both fragments were of the RssB C‐domain,
beginning at Arg131 (Figure 4.3 D). This also suggested that the smaller of the
two fragments was actually truncated from the C‐terminus. Importantly, the
theoretical MW of the RssB fragment (residues 131‐337) was 22 945 Da, which
was consistent with the migration of the respective band on SDS‐polyacrylamide
gels. As such, the 22 kDa fragment was defined as the C‐domain of RssB (RssBC).
The ~12‐13 kDa fragment was consistent with the theoretical MW of RssB1‐130
(13 982 Da) and thus defined as the N‐domain (RssBN). Note the N‐ and C‐
terminal sequence of the 12‐13 kDa RssB fragment were not experimentally
determined.

4.2.4 Generating soluble RssB N and Cdomains
Having experimentally determined the boundary between the two structural
domains of RssB, the DNA coding for these regions were cloned into bacterial
expression vectors, in order to obtain large amounts of purified protein for
biochemical and structural analysis. The clones expressing the individual
domains were generated essentially as described in section 2.1.2 using primer
CHAPTER 4 123

pair G (Appendix I, Table 1) and either pHUE/rssB (pDT2102) or pET32/RssB
(pDT1010) as the template (Appendix I, Table 2), which introduced a stop codon
at the 3´‐end of the region coding for the RssBN, and a Bam HI site downstream
of the stop codon and upstream of the 5´‐end of the sequence coding for RssBC
(Figure 4.4 A). Importantly, introduction of both a stop codon and the Bam HI
site, altered 9 nucleotides (resulting in the loss of three amino acid residues, M‐
F‐N) from the putative N‐terminal domain of RssB, which may form part of a
putative linker region between the two domains. Nevertheless, this approach
permitted the generation of pHUE/rssBN (pDT2134) and pET32/rssBN
(pDT2353), whilst restriction enzyme digestion of pHUE/rssBN (pDT2134) with
Bam HI and subsequent ligation (section 2.1.7) (section 2.1.10), yielded the
plasmid pHUE/rssBC (pDT2149) containing the DNA sequence coding for the C‐
domain of RssB (as illustrated in Figure 4.4 A). Both constructs were initially
identified by restriction enzyme digestion, and then confirmed by DNA
sequencing (section 2.1.11). Small‐scale expressions were performed (section
2.2.1) following transformation of pHUE/rssBN and pHUE/rssBC into BL21‐
CodonPlus(DE3)‐RIL E. coli cells. Following the addition of IPTG (0.5 mM),
samples were collected at the indicated times, then the proteins were separated
by 15% SDS‐PAGE (Figure 4.4 B, C). As can be seen in the Coomassie brilliant
blue stained polyacrylamide gel, a protein of the correct MW for both His6‐Ub‐
RssBN (~28 kDa) (Figure 4.4 B, lanes 3‐5) and His6‐Ub‐RssBC (~32 kDa) (Figure
4.4 C, lanes 3‐5) was induced upon addition of IPTG to the cells. Next, large‐scale
protein expression was performed (section 2.2.3), followed by extraction of the
cells (section 2.2.4), purification of the fusion protein (section 2.2.5), cleavage
(section 2.2.6) and recovery of pure protein from the flow through fraction of a
second affinity chromatography step using Ni‐NTA agarose beads. The relative
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Figure 4.4:

Generating the RssB N
and Cdomains

A) Schematic diagram representing
the cloning of the respective RssB
N‐ and C‐domains. (1) Site‐directed
mutagenic PCR introducing STOP
codon and Bam HI site into rssB; (2)
restriction endonuclease digestion
with Bam HI, releases the rssBN
fragment, and religation of the
vector yields a construct containing
the rssBC.
B) Coomassie Brilliant Blue stained 15% glycine‐buffered SDS‐
polyacrylamide gel showing the induction of RssBN expression.
Lane 1, M12 MW markers; lane 2, pre‐induced cells (‐IPTG); lanes
3‐5, IPTG induced cells.
C) Small‐scale expression of the RssBC on a Coomassie Brilliant Blue
stained 15% glycine‐buffered SDS polyacrylamide gel. Lane 1, M12
MW markers; lane 2, pre‐induced cells (‐IPTG); lanes 3‐5, IPTG
induced cells
D) Authentic RssB protein preparations on Coomassie Brilliant Blue
stained 15% glycine‐buffered (lanes 1 and 3) and 16.5% Tricine‐
buffered (lane 2) SDS‐polyacrylamide gels. 5 µg of RssBWT (lane 1),
RssBN (lane 2), RssBC (lane 3).
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purity of equal amounts (5 µg) of RssBN (Figure 4.4 D, lane 2), RssBC (Figure 4.4,
lane 3) and full‐length RssB (Figure 4.4 D, lane 1) was compared by SDS‐PAGE,
with each protein preparation exhibiting >95% purity.

4.2.5 Elucidating the contribution of the N and Cdomains of RssB to the binding
and degradation of σs
To determine the role of the individual domains of RssB, a range of different
experiments were performed. Initially, competition‐based in vitro degradation
experiments (section 2.5.1) were performed to determine if the individual

A

B

Figure 4.5:

Neither the N or Cdomain of RssB can outcompete RssB
mediated degradation of σ s
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A) Coomassie Brilliant Blue stained 15% glycine‐buffered SDS‐polyacrylamide
gels; showing in vitro degradation of σs by ClpXP, mediate by RssB, in the
absence of additional components (lanes 1‐6) or in the presence of 2 µM
RssBN (lanes 7‐12) or 2 µM RssBC (lanes 13‐18).
B) Quantification representing the degradation (% of the initial σs remaining) of
σs in the absence (red closed circle) or presence of 2 µM RssBN (dark grey
open circle) or 2 µM RssBC (light grey open triangle) respectively. Individual
time‐points represent the mean of three experiments with error bars
indicating the standard error of the mean (n=3).
domains could compete with full‐length RssB for binding to either σs or ClpX.
Trx‐RssB (0.17 µM) mediated degradation of σs by ClpXP, which was monitored
in the presence of ~10‐fold excess of either RssBN (2 µM) or RssBC (2 µM). As
observed previously (see section 4.2.2), σs was rapidly degraded by ClpXP, but
only in the presence of Trx‐RssB and AcP (Figure 4.5 A, lanes 1‐6). Interestingly,
neither the addition of RssBN (Figure 4.5 A, lanes 7‐12) nor RssBC (Figure 4.5 A,
lanes 13‐18) was able to inhibit the rate of RssB‐mediated σs degradation (half‐
life ~ 2.5 min) by ClpXP. Quantification of three independent experiments
(Figure 4.5 B) indicated that neither domain alone, was sufficient to compete
with the full‐length protein for binding to either σs or ClpX. As this method is
only an indirect approach of measuring an interaction, a role for each domain in
ClpX or substrate binding cannot be excluded. Therefore a variety of
experiments, aimed at directly examining σs binding to the two RssB domains
were performed, including chemical cross‐linking and in vitro “pull‐down”
experiments (see below).

Initially, glutaraldehyde (GA) cross‐linking experiments were performed using
the N‐ and C‐domains of RssB, in the presence of σs, to capture the complex
(section 2.5.6). GA (0.005%) was added to σs (~2 µM), pre‐incubated in the
absence or presence of the RssBC (~ 4.5 µM) and incubated at 20 °C for 30 min.
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Figure 4.6:

Preferential interaction between the RssB Cdomain and σ s

A) GA cross‐linking probing interactions between σs and the RssBC on 16.5%
Tricine‐buffered SDS‐polyacrylamide gels, and α‐RssB immunoblots of
RssBC in the absence (lanes 13‐18) or presence (lanes 19‐24) of σs.
B) In vitro ‘pull‐down’ experiment separated by 16.5% Tricine‐buffered SDS‐
PAGE, identifying the regions on RssB important for σs binding. Coomassie
Brilliant Blue stained totals (2% of input) and eluted (40% of output)
respectively of RssBWT (lanes 2‐3 & 9‐10); RssBN (lanes 4‐5 & 11‐12); RssBC
(lanes 6‐7 & 13‐14). Immuno‐decoration with α‐σs antisera of σs containing
totals (lanes 1,3,5,7) and eluted (lanes 8,10,12,14).
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Reactions were terminated with the addition of Tris‐HCl pH 8.0 (to a final
concentration of 0.8 M) and 1× Laemmli buffer. The cross‐linked complexes of
RssB and σs were separated by SDS‐PAGE and visualised by immunoblotting
with anti‐σs or anti‐RssB antisera (section 2.4.2). In the presence of GA, σs
largely migrated as a single band on SDS‐PAGE with an apparent MW of ~ 38
kDa (Figure 4.6 A, lanes 1‐6). A minor amount of non‐specific (~ 90 kDa) cross‐
linked product (*, Figure 4.6 A, lanes 2‐6) was also observed, which was larger
than expected for a theoretical σs dimer. Importantly, in the presence of RssBC,
an additional α‐σs immunoreactive band (~ 60 kDa) was observed (Figure 4.6 A,
lanes 8‐12). The apparent MW of this band was consistent with the expected
size of an σs–RssBC complex. Notably, the band was absent when only RssB was
present (data not shown), and not surprisingly its appearance was independent
of the presence or absence of AcP (data not shown). To confirm that RssBC was
present in the ~60 kDa complex (Figure 4.6 A, lanes 8‐12), the experiment was
also immuno‐decorated with α‐RssB antiserum. In the absence of σs (Figure 4.6
A, lanes 13‐18), RssBC migrated predominantly as a monomer (~22 kDa), with a
small fraction present as a dimeric species (~ 45‐50 kDa). In the presence of σs,
however, an additional weak α‐RssB immuno‐reactive band (with apparent MW
~ 60 kDa) was observed (Figure 4.6 A, lanes 20‐24). Importantly, this band was
also absent from control experiments containing only σs and probed with α‐
RssB (data not shown), which indicated that there was no non‐specific cross‐
reactivity of the α‐RssB antiserum toward σs. Collectively, these data suggest
that the C‐domain of RssB interacts directly with the substrate σs.
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To examine the role of the N‐domain of RssB, in the interaction with σs, a similar
set of GA cross‐linking experiments were performed as described above. In this
instance, the RssBN (~6 µM) was pre‐incubated with AcP in the absence or
presence of σs. Complexes were separated via SDS‐PAGE and probed with α‐σs
and α‐RssB respectively. In contrast to the RssBC, no additional immuno‐reactive
protein bands were observed for either σs or the RssBN when both proteins were
incubated together (data not shown). These data suggest that the RssBN does not
participate directly in the interaction with the substrate, σs.

To confirm the nature of the interaction between RssB and σs, a series of in vitro
‘pull‐down’ experiments were also performed (section 2.5.5). In this case, the N‐
and C‐terminal domains of RssB were fused to the C‐terminus of Trx, to generate
Trx‐RssBC and Trx‐RssBN. These fusion proteins, together with the full‐length
fusion protein, Trx‐RssB (all fusion proteins also contain a His6‐tag), were
immobilized to Ni‐NTA agarose beads (either in the presence or the absence of
σs (25 µg)). The beads were washed to remove unbound proteins and the
protein complexes were eluted with buffer containing imidazole (250 mM).
Following separation of the samples by SDS‐PAGE, the protein bands were
visualised by Coomassie brilliant blue staining and immuno‐decoration with α‐
σs antisera (Figure 4.6 B). Consistent with the cross‐linking data, σs was
recovered not only from the control “pull‐down” experiment (using full‐length
RssB) but it was also eluted from the column containing immobilised RssBC
(Figure 4.6 B, lane 14). Surprisingly, a small percentage of σs was also recovered
from the column containing immobilised RssBN (Figure 4.6 B, lane 12).
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4.2.6 Small angle Xray scattering (SAXS) analysis RssBσs complex reveals that σs
interacts with both the N and Cdomain of RssB
To further characterise the interaction between RssB and σs, SAXS analysis
(section 2.5.10) was performed on the Trx‐RssB‐σs complex, with the assistance
of Dr Terrance Mulhern (University of Melbourne, Bio21 Institute). Preliminary
SAXS experiments using Trx‐RssB indicated the presence of high MW scattering
particles, consistent with aggregated proteins. To remove these contaminating
aggregated proteins, which interfered with the SAXS analysis, samples were
fractionated by gel filtration chromatography in‐line with SAXS data collection
(section 2.5.10). The gel filtration elution profile (Figure 4.7 A), of Trx‐RssB and
σs alone indicated that aggregated protein (Ve ~ 52 ml, Figure 4.7 A) was well
separated from monomeric Trx‐RssB and monomeric σs, both of which eluted
with a volume of ~ 90 ml (Figure 4.7 A, red and blue lines respectively). As
expected, the Trx‐RssB/σs complex eluted earlier (Ve ~ 82 ml) than either
protein alone (Figure 4.7 A, black line), but was successfully separated from
aggregated proteins. The SAXS data obtained for Trx‐RssB and σs alone and the
Trx‐RssB/σs complex (Figure 4.7 B, red, blue and black lines, respectively) were
analysed to reveal information about MW and shape (Table 4.8). Based on an
estimate of volume of the scattering particle, termed Porod analysis, the MW of
Trx‐RssB was determined to be 49 kDa (~90% of the theoretical mass, based on
its amino acid sequence; 52 kDa). This analysis was consistent with a well‐
structured protein composed of globular domains when using this analysis
software (T. Mulhern, personal communication). In contrast, the MW for σs (as
determined from the SAXS data) was 45 kDa, higher than the theoretical MW (38
kDa). This could indicate some self‐association and/or a higher apparent volume
due to significant conformational averaging. Both Trx‐RssB and σs had similar
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Figure 4.7:

Preliminary SAXS model depicting the RssBσ s complex

A) Size‐exclusion chromatography profile of Trx‐RssB in complex with σs (black
line), Trx‐RssB (red line) and σs (blue line). The graph was generated using
the protein absorbance at 280 nm (A280) against the elution volumes (ml) for
the respective proteins.
B) Average SAXS data for monomeric σs (blue line), Trx‐RssB (red line) and the
complex of Trx‐RssB‐σs (black line). The intensities are represented as a
function of the magnitude of the scattering vector (I(q) vs. q).
C) The Trx‐RssB SAXS‐derived average ab initio shape envelope (cyan spheres)
with manually docked Trx‐RssB domains: Trx (green), N‐ (blue) and C‐ (red)
domain of RssB. Trx was placed into the small protrusion, N‐domain
adjacent to it and C‐domain distal to Trx.
D) The σs SAXS‐derived average ab initio shape envelope (cyan spheres).
E) The SAXS‐derived average ab initio shape envelope (grey spheres) obtained
for a complex of Trx‐RssB and σs.
F) Overlay of the model containing the ab initio shape envelope of Trx‐RssB/σs
(Figure 4.7E), with the individual domains (Trx, RssBN, RssBC) manually
fitted to the envelope based on their relative positions in Trx‐RssB model
(Figure 4.7 C). Colours are as per Figure 4.7 C & E.
Table 4.8:

Preliminary SAXS modelling data depicting the RssB
σ s complex

Samples

MW (Da)

Rg (Å)

Rg Err. (Å)

Dmax (Å)

σs

44895

31.80

0.66

105

Trx‐
RssBR117A

49064

30.50

0.84

107

Trx‐RssB/σs

91446

37.80

0.60

132

Table containing the mass estimates (second column), radius of gyration
(Rg) (third column), error of the radius of gyration (Rg) (fourth column)
and the maximum dimension (Dmax) of the scattering particles (fifth
column) for σs, Trx‐RssBR117A (refer to Chapter 5), Trx‐RssB‐σs in the
presence of AcP. No differences in elution profiles were observed for the
Trx‐RssB and Trx‐RssBR117A in either the absence or presence of AcP.
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maximum dimensions (~105 Å) and very similar Rg values (~31 Å), consistent
with both proteins being elongated and composed of multiple domains. The
SAXS analysis of the Trx‐RssB/σs complex indicated a MW of ~91 kDa (in
comparison to the theoretical MW of 92 kDa), which is also in good agreement
with the sum of the SAXS‐derived mass of each component (45 + 49 = 94 kDa). It
also suggests that the factors that caused a high apparent mass for σs (self‐
association and/or conformational averaging) may persist in the complex.
However, the Dmax of the Trx‐RssB/σs complex is only ~25 Å longer than either
of the individual components, suggesting these elongate components bind in a
somewhat more globular arrangement. Ab initio shape reconstruction of the
SAXS data supports this with both isolated components being relatively narrow
and elongate (Figure 4.7 C and D), while the complex is considerably wider at
one end (Figure 4.7 E and F). An atomic resolution structure is not available for
σs, but based on homology to other E. coli sigma factors (free and in complex
with RNA polymerase; PDB 1SIG, 1L9U, 1KU2, 3IYD etc.), σs is expected to be
highly flexible and likely to change its structure upon complex formation. Model
building using rigid body refinement of linked structural fragments against the
SAXS data was attempted, but in the absence of an experimental structure for σs
and with long inter‐domain linkers, no consistent solutions emerged. Thus, the
X‐ray crystal structures of RssBN (see Chapter 5) and RssBC (D. Micevski, K. N.
Truscott, K. Zeth, D. A. Dougan, unpublished data) together with the structure of
Trx, was manually docked into the Trx‐RssB envelope, using the relatively small
Trx domain as a reference point. Trx was used to orient the organisation of the
complex and positioned in the narrow protrusion at one end of the envelope
(RssBN and RssBC were too large to occupy this site), RssBN was placed proximal
to Trx, and RssBC was positioned in the remaining distal unoccupied electron
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density (Figure 4.7 C). Assuming Trx‐RssB maintains a similar domain
arrangement in the complex, comparison of the ab initio shape envelope of the
Trx‐RssB/σs complex with free Trx‐RssB was performed (Figure 4.7 F). This
suggests that σs may wrap around the end of Trx‐RssB, distal to Trx, making
contact with both the N‐ and C‐terminal domains of RssB. While other
orientations may be possible, this arrangement, where σs binding seems to be
mediated predominately through the C‐terminal domain of RssB, is consistent
with in vitro ‘pull‐down’ and glutaraldehyde cross‐linking experiments (section
4.2.5).
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4.3 Discussion

4.3.1 RssB is composed of twodomains
Based on sequence homology with several other well‐characterised two‐
component RRs, RssB was previously proposed to be composed of two domains
(Klauck et al., 1997). Until now, however, the structure of RssB had not been
examined. In this chapter, limited proteolysis was used to experimentally
determine the structural domains of RssB. The data presented clearly
demonstrates that RssB, like several other two‐component RRs is composed of
two separate globular domains; a ~12 kDa domain (residues 1‐127) referred to
as the N‐terminal domain of RssB and a ~22 kDa protein fragment (residues
131‐337) experimentally identified as the C‐terminal domain of RssB. The N‐
domain shares sequence similarity to a large number of other regulatory
domains, however the C‐domain shares little sequence similarity with other
effector domains.

4.3.2 Both domains of RssB are required for delivery of σs to ClpX
Having defined the structurally distinct globular domains of RssB, a series of
experiments were performed to determine the functional contribution of these
domains to substrate recognition and handover to ClpXP. Initial competition‐
based in vitro degradation experiments, indicated that neither domain alone was
able to compete with full‐length RssB for binding to either σs or ClpX (Figure 4.5
A, B). These results are consistent with in vivo data that suggested that both the
N‐ and C‐terminal regions of RssB are required for σs degradation (Klauck et al.,
1997). However, these data did not address which domain was responsible for
σs or ClpX binding.
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To determine which domain of RssB was responsible for binding the substrate
and the unfoldase ClpX, a series of biochemical experiments were performed.
Initially, a specific complex was captured between the RssBC and σs using GA
cross‐linking. A similar complex between RssBN and σs was not observed (data
not shown). These protein‐protein interactions were investigated further using
in vitro ‘pull‐down’ experiments, which demonstrated that σs did indeed bind to
the RssBC consistent with the cross‐linking data. However, in contrast to the
cross‐linking data, a small amount of σs binding to RssBN was observed. This
inconsistency between the two different interaction studies (i.e. chemical cross‐
linking versus “pull down”) may be due to the specificity of the α‐RssB
antiserum used to detect these interactions. Immunoblotting of equal amounts
of full‐length RssB, RssBN and RssBC, with the polyclonal α‐RssB antiserum
revealed that the signal obtained for the RssBN was significantly lower (<50%)
than that obtained for RssB and the RssBC (data shown). This reduction in
sensitivity, may account for the lack of RssBN‐σs complex detected through the
GA cross‐linking approach. Nonetheless, the in vitro “pull‐down” experiment is
consistent with the preliminary SAXS model describing an interaction between
RssB and σs, which suggest that σs interacts with both domains.

Interestingly, previous data has demonstrated that neither domain of RssB alone
can interact with σs in vivo (Klauck et al., 2001). Similarly, recombinant Trx‐
fusion proteins of RssB N‐ and C‐domains (described as Trx‐RssB‐NTD1‐148 and
Trx‐RssB‐CTD111‐337) failed to bind to σs in vitro (Klauck et al., 2001) as
determined by “pull‐down” experiments. This difference in σs binding observed
in the two studies may be explained by the variation in the constructs used. The
proteins used in this study lack any tags and as such are free from any possible
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interference attributed by fusion proteins with the respective interacting
partners (i.e. σs and ClpX). Those described by Hengge and colleagues contain
the N‐terminal DNA‐binding domain of phage λ repressor, which potentially
may hinder the interaction between the fusion protein and σs. Nonetheless,
although interaction with the respective domains was observed, the efficiency of
σs binding to RssBN (~5% relative to WT) and RssBC (~25% relative to WT) was
greatly reduced compared to full‐length RssB. It is possible that the interaction
between RssB and σs is mediated by a series of weak interactions made between
σs and both RssB domains. This is in contrast to most other RRs in which each
domain has an independent role in the overall function of the RR. For example,
the largest family of RRs, the OmpR/PhoB family (Gao et al., 2007), use
phosphorylation of the N‐domain to activate the downstream C‐domain.
However, in a relatively recent study, PhoP, which also belongs to the
OmpR/PhoB family, the N‐domain (in particular the inter‐domain linker region)
has been implicated as an essential component for optimal substrate binding
(Pathak et al., 2010). The study revealed that although DNA (i.e. the target) is
largely bound by the C‐domain (but not entirely), the linker region spanning
from the N‐domain, likely allows the regulator to adopt a different phosphate‐
dependent conformation required for optimal activation (Pathak et al., 2010).
Although an interaction to the target was not observed through the N‐domain as
described here for RssB, earlier observations made on PhoP, suggested that a
conformational change within the C‐domain of PhoP might occur as a result of
phosphorylation at the N‐domain (Sinha et al., 2008). The postulated
conformational change in the C‐domain as a result of N‐domain phosphorylation
was suggested to increase the RRs affinity for the target DNA, although the
relative affinities of interaction between PhoP and the substrate (DNA) were not
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tested. The findings described for PhoP, hint at an alternative model to explain
the data obtained here for RssB. In contrast to a model whereby RssBN directly
and significantly stabilises σs interaction in the context of the full‐length protein,
RssBN may indirectly enhance σs interaction with RssBC. In other words, a weak
interaction formed between RssBC and σs (relative to RssB observed in the “pull‐
down” experiment) may be enhanced by a structural rearrangement at the N‐
domain, in particular the putative inter‐domain linker region (part of the RssBN
construct). A structural rearrangement in the N‐domain of RssB may then
trigger a conformational change in the C‐terminal domain of RssB that directly
improves its binding to σs. However, unlike PhoP and its target, RssBN seems to
directly contribute to the interaction with σs (this chapter and Chapter 5). As
described previously, comparisons of the amount of σs binding to RssBN (~5%)
and RssBC (~25%) relative to full‐length RssB, supports a requirement for both
domains for optimal σs binding. Considering that the sum of the amount of σs
recovered by each domain is not equivalent to the amount of σs recovered by the
full‐length protein, supports the model whereby the N‐domain contributes more
than just an interface for direct σs interaction (i.e. by activating RssBC for
improved σs binding). Consistent with this idea, the N‐domain of RssB, upon
phosphorylation activates RssB for improved σs binding (Bouche et al., 1998).
Interestingly phosphorylation of the N‐domain of most RR is coupled to
conformational changes that function to further activate the RR. A direct
interaction between the RssBN and its substrate, is uncommon amongst RRs,
however N‐domain interactions have previously been described for both CheY
and Spo0F (Bren & Eisenbach, 1998; McEvoy et al., 1999; Zapf et al., 2000). Also,
N‐domain activation of the downstream effector domain (C‐domain) has also
been described. This type of activation by N‐domain phosphorylation has been
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described for both CheB and NtrC. Phosphorylation of the CheB regulatory
domain (N‐domain) causes a conformational change in the RR that alleviates
inhibition on the effector domain (Simms et al., 1985; Borczuk et al., 1986; Stock
et al., 1988; Lupas & Stock, 1989). Although different to RssB, in that the effector
domain has enzymatic activities, the N‐domain, whilst not directly involved in
the catalytic reaction, activates and further enhances the RR (Anand et al., 1998).
Even though removal of this domain does not inactivate the protein, it does
abolish the regulatory domain mediated enhancement of activity (Anand et al.,
1998). The importance of regulatory domain dependent activation in RRs has
also been described for the RR NtrC. A transcriptional activator of σ54 promoted
genes, removal of the NtrC regulatory domain has been shown to abolish the
protein’s activity (Drummond et al., 1990). The regulatory domain of NtrC
serves as a molecular switch, in which activation of this domain through
phosphorylation results in large structural changes, whereby the active
conformation of the regulatory domain is essential for oligomerisation of the
full‐length protein (Rombel et al., 1998). Although dimerisation/oligomerisation
doesn’t appear to be a means of activating RssB (see Chapter 5), conformational
changes in RssB that span both the N‐ and C‐domain are likely to stabilise a
series of weak interactions between RssB and σs, that are dependent on both the
N‐ and C‐domains.

The above model (Figure 4.7) describes an interaction between RssB and σs via
interaction with both the N‐ and C‐domains. Although this type of interaction
hasn’t been described in great detail for other RRs, the structural properties of
the substrate, in this case σs, may fit with this model describing an interaction
with RssB via both of its domains. A stable interaction between RssB and σs is
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observed in vitro (Becker et al., 1999; Zhou et al., 2001). Based on the SAXS
model, σs adopts an elongated structure in solution that is consistent with the
structure of other σ factors (Chen & Helmann, 1995; Malhotra et al., 1996;
Severinova et al., 1996; Campbell & Darst, 2000). Similar to those already
described (PDB: 1SIG, 1L9U), σs not surprisingly seems to be composed of a
number of compact domains that are connected by flexible linkers (personal
communication Dr. Terrance Mulhern), which overall exhibits a rather extended
conformation. Like other σ factors (Callaci et al., 1998; Callaci et al., 1999), and
consistent with what has already been postulated for σs (Studemann et al.,
2003), this extended conformation of σs would have the ability to lend itself to
substantial conformational changes upon binding to partner proteins. This
property is consistent with problems encountered with the modelling of
free/unbound RssB and σs into the complexed (RssB‐σs) SAXS envelope
(personal communication Dr. Terrance Mulhern). Attempts to model a free σs
SAXS model (Figure 4.7 F), based on σ70 homology was difficult, due to the
conformational flexibility of σs. Comparisons of the SAXS envelopes between
free‐ and complexed‐σs, illustrates the extent of these conformational changes.
This change in σs conformation, upon partner binding, has also been described
for other σ factors binding to the RNA polymerase core enzyme (Callaci et al.,
1999; Sorenson et al., 2004). Binding of σ factors to RNA polymerase, induces
large re‐arrangement of the σ domains, resulting in the exposure of the DNA‐
binding determinants (Callaci et al., 1999; Sorenson et al., 2004). However,
changes in σ factor structure is not limited to binding to the core enzyme of RNA
polymerase. Conformational changes are also induced by anti‐σ factor binding.
Most anti‐σ factors seem to wrap around the σ domain (σs has been classified as
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a Class II σ factor, as it contains four σ domains in total (Sterberg et al., 2011))
responsible for recognition of the promoter region (Campbell et al., 2008). What
seems apparent is that unlike the multi‐domain interaction described for RssB
and σs (i.e. σs interaction with both N‐ and C‐domains of RssB), most of the well‐
characterised anti‐σ factor interactions seem to occur with a single domain.
These difference between RssB, which could also be considered as an anti‐σ
factor (Becker et al., 2000), and other anti‐σ factors, may reflect the different
mechanistic approaches used to silence their cognate σ factor. In regards to
most anti‐σ factors, direct binding to the promoter recognition region on the σ
factor prevents expression of related genes. This inhibition is one that sterically
occludes the promoter recognition site (Campbell et al., 2008). RssB on the other
hand, inhibits the promotion of σs‐dependent genes by degradation of the σ
factor. This means, that inhibition requires not only direct RssB‐σs interaction,
but also the exposure of a degradation tag required for ClpX recognition
(Studemann et al., 2003). As such, the multi‐domain interaction model described
above, may be critical for exposure of the “cryptic” degradation tag on σs (i.e.
ClpX recognition signals) that is required for its removal from the cell.
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Chapter 5
Phosphorylation and the RssB N‐domain

5.1 Introduction
As described previously (see section 1.5.1), most two‐component RRs share a
highly conserved N‐domain (Bourret, 2010). Consistent with this, the N‐domain
of RssB shares greater than 80% sequence similarity with the N‐domain of
several well‐characterised two‐component RR, including CheY. Common to this
domain (i.e. N‐domain of all RRs) is a highly conserved aspartic acid residue,
which can be phosphorylated and acts as a phosphorylation‐mediated functional
switch within the RR. Consistent with this general property of RR, the highly
conserved aspartic acid residue (Asp58 in RssB), improves binding to σs (Becker
et al., 1999). However, currently it remains unclear how phosphorylation of
Asp58 regulates the binding of σs. As such the following chapter focuses on the
function of the N‐domain of RssB in the recognition of σs.

5.1.1 The Ndomain (regulatory/receiver/input domain) of twocomponent RRs
The N‐terminal regulatory domain of RRs are generally composed of five β‐
strands, that form a central parallel β‐sheet, which are flanked by five α‐helices
(two on the side of the active site (i.e. site of phosphorylation) and three on the
opposite side) (Figure 5.1). There are four consecutive hydrophobic residues,
located at the proximal end of each β‐strand (β1, β3 and β4), which form part of
the β‐strand core. Two highly conserved Asp residues located at the distal end of
the β‐stand (β1), are involved in metal binding (Mg2+) and are also required for
phosphoryl transfer and hydrolysis (Bourret et al., 1990; Lukat et al., 1990;
Stock et al., 1993). Together with these two Asp residues, additional Asp
residues located at the C‐terminal end of β3, forms a triad that constitutes the
active site of the N‐terminal RR regulatory domain. In addition, there are several
conserved acidic residues of unknown function (Figure 5.1 A, yellow), one
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Figure 5.1

Schematic representation of a RR Nterminal (receiver)
domain illustrating the conserved amino acid sequence
and the basic structural elements, viewed from (A) the
side or (B) the top.

Five α‐helices surround a five‐stranded parallel β‐sheet. The
orange colour represents the conserved hydrophobic residues on
the central β‐strands (β1, β3, β4), which face three α‐helices (α1,
α3, α5). Loops that connect the structural elements are depicted
in black solid lines (active site side) and grey dotted lines
(opposite side), with arrowheads describing the direction of the
polypeptide chain N‐ and C‐terminal. Residues that are highly
conserved within the active site (Asp, Thr/Ser, Lys) are coloured
in blue, whilst those moderately conserved (Phe/Tyr) are
represented in cyan. The co‐factor, a divalent cation Mg2+ is
represented by magenta, whilst residues conserved for structural
purposes are in grey. In addition, frequently conserved acidic
residues (Glu /Asp) of unknown function are depicted in yellow.
This figure was taken from Bourret et al. (2010).
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located near the Asp pair on the C‐terminal end at β1, whilst the other on the N‐
terminal end of β3. A loop formed by two highly conserved residues Pro and Gly,
separate β3 and α3 (Bourret, 2010). The final strand, β4, comprising the internal
β‐sheet, ends with a conserved Thr/Ser residue, which interacts with the
phosphoryl group and is believed to permit signal transduction (Appleby &
Bourret, 1998). The same is also true for the highly conserved Lys following β5
(Lukat et al., 1991) and the moderately conserved aromatic residues Phe/Tyr,
which are also thought to contribute to relay of the signal following
phosphorylation (Birck et al., 1999; Lee et al., 2001a).

5.1.2 Phosphorylation of the Ndomain
Whilst the N‐domains of RR are highly conserved (Bourret, 2010), the C‐
terminal regions of these proteins are quite diverse in structure and function
(Galperin, 2010). This poses an obvious question; how do related N‐domains
mediate phosphorylation‐dependent regulation of vastly different C‐domains?
Broadly speaking, the answer lies in a simple strategy whereby the protein
exists in equilibrium between two conformational states designated as inactive
and active, with phosphorylation stabilising the active conformation. Structural
changes, induced by phosphorylation reveal a distinct molecular surface that is
used for protein‐protein interactions. Comparisons of several activated two‐
component RR N‐domains (either by phosphorylation or in the presence of BeF3‐
(a phosphate analogue)) have revealed key differences in the active and inactive
conformations (Lee et al., 2001a). Such experiments indicated that phosphate is
bound to the conserved Asp residue (Asp58 in RssB) that lies at the distal end of
β3 (Figure 5.2). The three oxygen atoms (of the phosphate ion) form (a) a
hydrogen bond with the Thr/Ser residue (Ser87 in RssB), (b) a salt bridge with
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Figure 5.2:

Schematic representation of key differences observed in
the Ndomain of RRs in (A) the absence of phosphate
(“inactive” conformation) and (B) the presence of
phosphate (“active” conformation).

Colour coordination and view is as depicted in Figure 5.1 A. Residues
that undergo the most significant changes are shown in red
(“inactive”/
non‐phosphorylated)
and
dark
green
(“active”/phosphorylated), with the phosphate ion (light green) and
the key hydrogen bonds formed with the phosphate indicated with
light green lines. This figure was taken from Bourret et al. (2010).
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Lys (Lys108 in RssB) and (c) help to coordinate Mg2+. Interaction with Thr/Ser
involves repositioning of the β4‐α4 loop, which also stabilises the rotation of
Phe/Tyr into the hydrophobic cavity. Repositioning is also observed for the Lys
located on the β5‐α5 loop, however this alteration in the structure is more
modest, relative to the former. As such, the largest conformational changes in
the N‐domain between phosphorylated and non‐phosphorylated states occurs in
the α4‐β5‐α5 face (Bourret, 2010).

5.1.3 The α4β5α5 interface, a common site for interaction
The α4‐β5‐α5 region of response regulators, as described previously undergo
the most prominent structural changes upon phosphorylation, and not
surprisingly a large number of two‐component RRs exploit these changes to
either activate or disable certain processes. Located within this α4‐β5‐α5
region, Thr/Ser (part of the β4‐α4 loop) and Phe/Tyr (part of the α4‐β5 loop)
have been described as protein switches that couple phosphorylation to the
active states of the two‐component RR (Stock & Guhaniyogi, 2006). In the active
state, the aromatic side chain (Phe/Tyr) is orientated towards the interior of the
N‐domain, whilst the hydroxyl‐containing side chain (Thr/Ser) is positioned
towards the active site, in turn permitting the formation of an interaction with
the phosphate oxygen atoms (as described above). This change in conformation,
which activates the N‐domain, permits both intra‐ and intermolecular
interactions, nevertheless even in an inactivate state, target proteins may still
interact with the same region (Gao & Stock, 2009).
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5.1.4 Ndomain dimerisation
A common feature exploited by many two‐component RRs is their ability to
dimerise upon phosphorylation. The dimerisation of several transcriptional
regulators, including FixJ (Da Re et al., 1999), Spo0A (Asayama et al., 1995;
Lewis et al., 2002) and most of the OmpR/PhoB subfamily RRs from E. coli
(McCleary, 1996) have been described (see also Chapter 4). In these examples,
dimerisation is thought to promote DNA binding and transcriptional activation.
Similar strategies are also employed by RRs containing diguanylate cyclase
(GGDEF) domains, such as PleD and WspR, whereby the respective monomer‐
dimer or dimer‐tetramer equilibrium shifts to activate diguanylate cyclase
activity (Paul et al., 2007; De et al., 2009). Although activation through
dimerisation is an elegant way of coupling phosphorylation to the output
response, regulation through dimerisation is, in most cases, not as simple as it
seems. For example, even in the absence of phosphorylation, the two‐component
RR NtrC forms homodimers (inactive state). However, phosphorylation of the
NtrC N‐domain by the sensor kinase (NtrB) causes alterations in the mode of
dimerisation of NtrC. This in turn induces oligomerisation of the central ATPase
domain, which is required for transcriptional activation (Lee et al., 2003; De
Carlo et al., 2006).

Not surprisingly, a number of different dimer interaction strategies have been
described for a variety of two‐component RRs. Although dimer formation is not
exclusive to the N‐domain (Maris et al., 2002; Wisedchaisri et al., 2005; Carroll et
al., 2009) (Maris et al., 2002; Wisedchaisri et al., 2005; Carroll et al., 2009), the
majority of dimerisation interfaces characterised to date occur within this
domain. Amongst the characterised dimeric RR structures, several distinct
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conformations have been reported (Figure 5.3) that will be described in the
following section. Most common amongst two‐component RR is the two‐fold
symmetrical dimer, where the surface of the α4‐β5‐α5 regions interact to form
the dimer interface. This conformation is best represented by the OmpR/PhoB
subfamily (Bent et al., 2004; Toro‐Roman et al., 2005b; Bachhawat & Stock,
2007) in which these structural features are very well conserved. Interestingly,
some subfamilies contain these same structural features, but lack the conserved
contact residues involved in dimer formation, yet they still exploit the α4‐β5‐α5
dimer interface, albeit with small differences in the secondary structure (Park et
al., 2002; Lee et al., 2003; De et al., 2008). In addition, inverted α4‐β5‐α5 dimers
(in which the individual domains are arranged in anti‐parallel orientation) have
also been reported in three phytochrome‐associated RR from cyanobacteria (Im
et al., 2002; Benda et al., 2004). Currently, the significance of this arrangement is
unclear, however all three RRs are single‐domain proteins (i.e. only contain an
N‐domain), which suggests that the function of these proteins is unlikely to be
limited by their anti‐parallel positioning. In addition to the α4‐β5‐α5 interface,
there are a number of other dimer interfaces that have been described. The RR
HupR, a transcriptional regulator from the photosynthetic bacterium
Rhodobacter capsulatus, forms dimers at the β5‐α5 interface (Davies et al.,
2009), while phosphorylated FixJ uses the α4‐β5 interface to dimerise (Birck et
al., 1999). In both cases, dimer formation is essential for optimal activity. In
addition, a small number of RRs have been shown to dimerise via domain
‘swapping’ (Schymkowitz et al., 2001). Domain ‘swapping’ is defined by the
formation of a symmetrical interaction between two molecules that is stabilised
by the exchange of identical regions from the other subunit of the dimer.
“Swappable” regions can be either single elements (α‐helices or β‐sheets) or an
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Figure 5.3:
A)

B)
C)
D)

Structures of RR Ndomains showing representative modes of
dimerisation.
The most commonly exploited dimer interface, in which the entire
α4‐β5‐α5 surface (depicted in yellow), participates in contacts
with the opposite subunit, a feature best represented, by the
OmpR/PhoB subfamily (PDB 1XHF). The conserved Asp in the
phosphorylation/”active” site is depicted in ball and stick model.
Only the β5‐α5 portion of the α4‐β5‐α5 surface forms the dimer
interface as shown here for the Hydrogen uptake RR, HupR (PDB
2JK1).
An inverted α4‐β5‐α5 dimer interface, whereby the two subunits
run anti‐parallel to one another as identified in RR regulators
from Cyanobacteria that lack effector/ C‐domains (PDB 1K68).
Using only a portion of the α4‐β5‐α5 surface, α4‐β5 dimer
interactions have been observed for FixJ (PDB 1D5W), a nitrogen
fixation RR. The above figure was taken from Gao & Stock. (2009).

entire globular domain. This type of interaction has been observed for the N‐
domain of the two‐component RR, Spo0A (N‐Spo0A) and Mycobacterium
tuberculosis (M. tuberculosis) RegX3 (Lewis et al., 2000; King‐Scott et al., 2007).
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In contrast to RegX3, in which the entire domain is swapped, N‐Spo0A when
phosphorylated undergoes massive changes in its active site with large
movements of the α5‐region. These movements are largely due to Lys106, which
coordinates the active site phosphate (Lewis et al., 2000). Based on the crystal
structure of the N‐Spo0A dimer, each monomer exchanges the C‐terminal α‐
helix (α5) of the partner subunit (Lewis et al., 2000). This interaction occurs
through a series of hydrophobic side‐chain interactions on one surface of the
α5‐helix with an exposed hydrophobic patch of the β‐sheet. More recently
however, crystallisation of the RR ChxR from Chlamydia trachomatis, revealed a
previously undescribed dimer interface. Dimerisation of ChxR occurs through
the α2‐α3 interface, in which a series of ionic interactions act to stabilise the
dimer (Hickey et al., 2011). Taken together, these few examples demonstrate the
high level of variability in dimerisation patterns exhibited by this family of
proteins.

Understandably with so many identified RRs, many of which contain a
conserved N‐domain, presents the question: what is the role of this domain in
RssB‐mediated

delivery

of

σs ?

As

the

physiological

significance

of

phosphorylation in σs recognition and degradation of σs is currently
controversial, the following chapter aims to address the role of RssB
phosphorylation in this process.
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5.2 Results

5.2.1 The RssB Ndomain (RssBN) forms dimers in solution
To ascertain whether the N‐domain of RssB (RssBN), like other receiver domains
of RRs has a propensity to dimerise, in vitro chemical cross‐linking experiments
using glutaraldehyde (GA) were performed (section 2.5.4). Initially the ability of
RssBN (5 µg) to dimerise was monitored using a range of GA concentrations
(from 0.00125% to 0.02%) at 25 °C. After addition of GA, each sample was
incubated for 10 min at 25 °C, then the reaction was stopped by addition of 1 ×
Laemmli sample buffer containing 0.8 M Tris‐HCl, pH 8.8. Proteins were
separated by SDS‐PAGE (section 2.3.1), transferred to a PVDF membrane
(section 2.4.1) and then probed with α‐RssB antiserum (section 2.4.2). Immuno‐
decoration revealed the formation of a high MW species (~28 kDa) of RssBN
(Figure 5.4 A, lanes 2‐5), consistent with the theoretical MW of an RssBN dimer
(27.9 kDa). The formation of this dimeric species increased with increasing
concentrations of GA. Although dimer formation was most prominent at the
highest concentration (0.02%) of GA (Figure 5.4 A, lane 5), the presence of
dimeric species was also observed at much lower concentrations (0.0025%) of
GA (Figure 5.4 A, lane 2). At the highest concentration of GA (0.01% and 0.02%)
an additional high MW species of RssBN (Figure 5.4 A, lanes 4 and 5) was also
observed, however the nature of this non‐specific protein‐protein interaction is
unclear as the MW of these bands do not correspond to the theoretical MW for
either a trimer (MW ~ 41.9 kDa) or a tetramer (MW ~ 55.9 kDa) of RssBN. To
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Figure 5.4:

Structure and confirmation of the RssBN

A) In vitro chemical cross‐linking of RssBN in the presence of increasing
concentration of GA (lanes 1‐5). Proteins were separated by 16.5%
Tricine‐buffered SDS‐PAGE, transferred and probed with α‐RssB.
B) Time course of RssBN dimerisation. The monomeric and dimeric forms
of RssBN were separated by SDS‐PAGE. Transferred to PVDF and
immuno‐decorated using α‐RssB. (*) Depicts non‐specific cross‐linked
species.
C) Front view of the RssBN structure (monomer) in ribbon
representation, with the active site β‐strands (β2, β3, β4) coloured in
orange and the surrounding helices (α1‐ α5) depicted in light blue.
The colour scheme used is consistent with Figure 5.1. Figure
generated in PyMOL.
D) Top view of the RssBN structure (monomer). The colour scheme is as
described in Figure 5.4 C.
E) Dimeric RssBN represented in the front view with the β2 dimer
interface positioned centrally. Arrows indicate the orientation of the
adjoining RssBC.

verify the formation of a dimer, GA cross‐linking of RssBN was monitored with
time using 0.005% of GA. Consistent with previous cross‐linking data, RssBN
dimerised, and the appearance of the dimer increased in a time‐dependent
fashion (Figure 5.4 B, lanes 2‐6). Interestingly, based on the relative intensity of
both the monomeric (~90‐95%) and dimeric (5‐10%) immuno‐reactive bands,
it appears that RssBN exists in a monomer‐dimer equilibrium, in which the
monomeric species predominates.

To crystallise the individual domains of RssB, RssBN (Appendix 1, Table 2,
construct 2134) and RssBC (Appendix 1, Tabel 2, construct 2149) were
expressed and purified (sections 2.2.3‐2.2.6). After obtaining pure preparations
(>90%) of both proteins, samples were precipitated in 60% (w/v) AmSO4 and
sent off as a AmSO4 slurry. In collaboration with Dr. Kornelius Zeth (Max Planck
Institute for Developmental Biology, Department of Protein Evolution,
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Tuebingen, Germany) the individual RssB domains were crystallised and their
three‐dimensional structures solved by X‐ray crystallography. The structure of
the RssBN was solved at 2.05 Å by molecular replacement using the two‐
component RR PhoP (PDB 2PL1) as a search model. Consistent with other two‐
component RR receiver domains, RssBN is a small α/β domain that forms a
parallel β‐sheet (β1‐β5), wedged between five α‐helices (Figure 5.4 C and D).
These α‐helices are arranged in a way that two α‐helices (α1 and α5) are
located on the same side as the phosphorylation site, whilst the remaining three
helices (α2, α3, α4) are located on the opposite side (away from the site of
phosphorylation). Consistent with the in vitro cross‐linking data, RssBN
crystallised in a dimer conformation (Figure 5.4 E). During the course of this
study, several X‐ray crystal structures of the N‐domain of RssB, from E. coli (PDB
3EOD) and Pseudomonas aeruginosa (P. aeruginosa) (PDB 3F7A) were also
solved. Structural alignment of monomeric E. coli RssBN (PDB 3EOD) and P.
aeruginosa RssBN (PDB 3F7A) showed that our structure (for E. coli RssBN)
exhibited an RMSD of 0.4 Å and 1.3 Å respectively, indicating that all three
structures are highly similar (K. Zeth, personal communication). Interestingly E.
coli RssBN forms an asymmetrical dimer in the crystal (Figure 5.4 E), which is
stabilised by the distal β2‐strand located N‐terminally of the phosphorylation
active site (β1, β3, β4). This dimer conformation is rather unusual, as most two‐
component RRs dimerise through the α4‐β5‐α5 interface or a subset of these
structural elements (reviewed in Gao & Stock, 2009). In addition, structural
alignments performed by Dr. Kornelius Zeth, which involved the modelling of E.
coli RssBN onto full‐length P. aeruginosa RssB (PDB 3F7A) revealed a domain
assembly

for

E.

coli

RssBN

that

did

not

resemble

the

domain

arrangement/orientation of the published full‐length P. aeruginosa RssB (K.
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Zeth, personal communication). The alignments revealed that for E. coli RssB,
the terminal β2‐strands stabilise the dimer in an anti‐parallel manner. This
differs from P. aeruginosa RssB, where the two protomers face each other via the
β5‐strand. Whilst the E. coli RssBN dimer seems to be stabilised predominantly
via the N‐domain, stabilisation of the P. aeruginosa RssB structure occurs
through a long coil‐coiled region that links the N‐domain with the C‐domain (K.
Zeth, personal communication).

5.2.2 Acetylphosphate (AcP) does not effect on dimerisation of the RssBN
Although phosphorylation of the N‐domain of several two‐component RR has
been proposed to shift the monomer‐dimer equilibrium towards the active
conformation (Stock et al., 2000); currently it is unclear if phosphorylation also
alters the oligomeric state of RssB. To examine the role of RssB phosphorylation
with respect to its oligomeric state, a series of in vitro cross‐linking experiments
were performed, containing RssBN (5 µg) and GA (0.005%), either in the absence
or the presence of AcP. The proteins were separated by SDS‐PAGE, transferred
to a PVDF membrane and probed with α‐RssB antiserum for detection of
monomeric and dimeric RssB. Importantly, the appearance of dimeric RssBN was
not altered by the absence (Figure 5.5, lanes 1‐3) or presence (Figure 5.5, lanes
4‐6) of AcP. Consistent with these findings, the proportion of dimeric Trx‐RssB,
as determined by size exclusion chromatography, did not change in the presence
or absence of AcP (data not shown).
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Figure 5.5:

AcP does not alter RssBN dimerisation

The formation of GA “cross‐linked” RssB dimers was monitored in the
absence (lanes 1‐3) or presence (lanes 4‐6) of AcP. Following
separation of cross‐linked proteins by 16.5% tricine‐buffered SDS‐
PAGE and transfer to PVDF, the membrane was probed with α‐RssB
to visualise monomeric and dimeric RssB.

5.2.3 Mutations in the RssBN putative β2 dimer interface neither effects RssB
activity nor its propensity to dimerise
Based on the cross‐linking data (section 5.2.1), gel filtration (data not shown)
and the crystal structure of RssBN (Figure 5.4 E), it appeared that dimerisation of
the N‐domain can occur. To verify the location of the putative dimer interface
(as observed in the crystal structure), two residues within this region (Arg20
and Leu36) were mutated to destabilise the interface. Specifically, Arg20 was
replaced with Ala (data not shown) and Leu36 was replaced with Asn (Figure
5.6 A), by site‐directed mutagenesis (section 2.1.2). In vitro degradation
experiments (section 2.5.1) were performed, either in the presence or absence
of AcP, and revealed that mutation of Leu36, in full‐length Trx‐RssB, did not alter
the ClpXP‐mediated turnover of σs (Figure 5.6 B). In the absence of AcP, the half‐
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Figure 5.6:

Elucidating the RssBN dimer interface

A) Top view of the RssBN dimer structure in ribbon representation, with
the secondary structural elements coloured as described in Figure 5.1.
The main and side chains of Leu36 are depicted as sticks and coloured
in red.
B) Quantification of gel inset depicting the ClpXP‐dependent degradation
of σs mediated by either Trx‐RssB (red symbols) or Trx‐RssBL36N
(green symbols), in the presence (filled circles) or absence (open
circles) of AcP. (Inset) Coomassie Brilliant Blue stained 15% glycine‐
buffered SDS‐polyacrylamide gels showing the degradation of σs in the
presence of 0.08 µM Trx‐RssB (top panel) or Trx‐RssBL36N (bottom
panel) in either the presence (lanes 1‐6) or absence (lanes 7‐12) of
AcP.
C) The formation of GA “cross‐linked” RssBN (lanes 1‐6) and RssBN(L36N)
(lanes 7‐12) dimers on Coomassie Brilliant Blue stained 16.5% tricine‐
buffered SDS‐polyacrylamide gels.
D) Captured GA “cross‐linked” RssB (lanes 1‐6) and RssBL36N (lanes 7‐12)
dimers separated by 15% glycine‐buffered SDS‐PAGE, transferred to
PVDF and probed with α‐RssB antisera.

life of σs was ~7.5 min for both WT Trx‐RssB (Figure 5.6 B, open red circles) and
Trx‐RssBL36N (Figure 5.6 B, open green circles). Similarly, in the presence of AcP
the half‐life of σs was ~ 2.5 min for both WT (Figure 5.6 B, filled red circles) and
mutant (Figure 5.6 B, filled green circles) Trx‐RssB. Consistently, in vitro GA
cross‐linking experiments using either RssBN (Figure 5.6 C) or full length RssB
(Figure 5.6 D) demonstrated that mutation of Leu36 did not alter dimerisation.
Specifically, the kinetics of dimerisation by RssBN (Figure 5.6 C, lanes 1‐6) was
similar to that of the L36N mutant of RssBN (Figure 5.6 C, lanes 7‐12). Likewise,
in vitro GA cross‐linking experiments performed with full‐length RssB
demonstrated that both WT (Figure 5.6 D, lanes 1‐6) and mutant (Figure 5.6 D,
lanes 7‐12) RssB dimerised to the same extent and with the same kinetics, as
determined by the appearance of the high MW band (~70 kDa), which is
consistent with the theoretical MW for a dimer of RssB (74.3 kDa). As such,
these results indicate that mutation of Leu36 or Arg20 (data not shown) within
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the putative “crystal‐structure” dimer interface was insufficient to destabilize
the cross‐linked dimer. As such, this suggested that either dimerisation does not
occur through this interface or that neither Leu36 nor Arg20 play an important
role in stabilising this dimer.

5.2.4 A potential dimer interface located within the α4β5α5 region of RssBN
Upon consideration of the above results, suggesting that the putative dimer
interface may be an artefact of the crystallisation process, residues in other
regions of RssBN were mutated. In this case, the more commonly observed α4‐
β5‐α5 dimer interface was considered as a candidate region for RssB dimer
formation. Three residues (Val105, Leu106 and Leu107) form a surface exposed
hydrophobic patch located near the end of β5, which was hypothesised to form a
number of hydrophobic interactions with the adjacent RssBN protomer (as seen
in the structure of other RRs). Therefore, Leu106 was targeted for mutation, to
examine the possible role of this region in dimerisation (Figure 5.7 A and B).
Specifically, Leu106 was replaced with Asn to generate the RssBL106N mutant in
both full‐length Trx‐RssB and RssBN. This was achieved by site‐directed
mutagenesis (section 2.1.2) of the appropriate clones, using primer pair AA
(Appendix I, Table 1). Expression and purification was performed as for the WT
Trx‐RssB and RsssBN (see section 2.2.8 and 4.2.4). The activity of mutant Trx‐
RssBL106N was examined relative to WT. Consistent with previous results, the
half‐life of σs, mediated by WT Trx‐RssB in the presence of AcP was ~ 2.5 min
(Figure 5.7 C, top panel, lanes 1‐6 and filled red circles) and ~ 10 min (Figure 5.7
C, top panel, lanes 7‐12 and open red circles) in the absence of AcP. In contrast,
the half‐life of σs, in the presence of AcP, increased to ~ 10 min (Figure 5.7 C,
bottom panel, lanes 1‐6 and filled blue circles) and to > 60 min in the absence of
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AcP (Figure5.7 C, top panel, lanes 7‐12 and open blue circles), when mutant
RssBL106N was used in the degradation assay.

To determine if the defect in σs degradation, by mutant RssBL106N was related to
the proteins ability to dimerise, GA cross‐linking experiments were performed
in the absence and presence of AcP. Consistent with the previous cross‐linking
data, no differences were observed in the dimerisation of WT RssBN in the
presence (Figure 5.7 D, lanes 1‐3) or absence (Figure 5.7 D, lanes 7‐9) of AcP. In
comparison to WT RssBN, the mutant protein, RssBN(L106N), showed a greater
propensity to dimerise both in the presence (Figure 5.7 D, lanes 4‐6) and
absence (Figure 5.7 D, lanes 10‐12) of AcP. Collectively, these results suggest
that the α4‐β5‐α5 region (in particular the exposed hydrophobic patch),
unexpectedly may be involved in dimerisation or alternatively in substrate
binding.
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Figure 5.7:

Mutating residue Leu106 in the α4β5α5 interface affects
σ s turnover in the absence of AcP, however this effect is
weaker in the presence of AcP

A) Side view of the RssBN showing a single protomer in ribbon format
with the secondary structural elements coloured as described in
Figure 5.1. Leu106 located at the α4‐β5‐α5 interface is shown in stick
form (red). The vertical dotted line shows the putative dimer interface,
based on the X‐ray crystal structure.
B) Side view of the RssBN rotated by 90° along the vertical axis,
illustrating the α4‐β5‐α5 interface with Leu106 shown as in Figure 5.7
A.
C) Degradation of σs in the presence of Trx‐RssB (red lines) or Trx‐
RssBL107N (green lines) with (filled circles) or without (open circles)
AcP. (Inset) Coomassie stained 15% glycine‐buffered SDS‐
polyacrylamide gels, showing the degradation of σs in the presence
(lanes 1‐6) or absence (lanes 7‐12) of AcP, containing either Trx‐RssB
(top panels) or Trx‐RssBL106N (bottom panels).
D) The formation of GA “cross‐linked” RssBN (lanes 1‐3 and lanes 7‐9) and
RssBN(L106N) (lanes 4‐6 and lanes 10‐12) dimers were monitored in the
presence (lanes 1‐6) or absence (lanes 7‐12) of AcP. Following
separation by 16.5% tricine‐buffered SDS‐PAGE and transfer to PVDF,
the membrane was probed with α‐RssB to visualise monomeric and
dimeric RssBN species.

5.2.5 RssBN is predominantly a monomer in solution
Although the previous data (section 5.2.1) indicates that the N‐domain of RssB
can dimerise, mutations expected to destabilise the putative α4‐β5‐α5 dimer
interface enhanced dimerisation (section 5.2.4). Interestingly, this mutation also
inhibited the RssB‐mediated degradation of σs. Therefore, to better understand
the role of RssB dimerisation in σs degradation, the oligomeric behaviour of
RssBN in solution, was examined using analytical ultracentrifugation (AUC).
These experiments were performed in collaboration with Ms. Natalie Gunn and
Dr. Terrence Mulhern (Department of Biochemistry and Molecular Biology,
Bio21 Molecular Science and Biotechnology Institute, The University of
Melbourne, Australia). Sedimentation velocity experiments were performed
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Figure 5.8:

Sedimentation velocity of the RssBN in the absence (AC)
or presence (DF) of AcP

A & D) The absorbance versus radial position plotted for the RssBN in
the absence (A) or presence (D) of AcP. Open circles represent
the raw data and solid lines represent the c(s) distribution
best‐fit model.
B & E) Residuals for the c(s) distribution are plotted as a function of
radial position.
C & F) Continuous sedimentation distribution of the RssBN in the
absence (red line) or presence (blue line) of 10 mM AcP.
G) Overlay of the c(s) distribution from C and F, in which the red
and blue lines represents the c(s) distribution of the RssBN in
the absence or presence of 10 mM AcP, respectively.
using RssBN (0.5 mg/ml) in the absence and presence of AcP. The absorbance
versus radial position of each scan was plotted and fitted to a continuous
sedimentation distribution model (Figure 5.8 C, F). In the absence of AcP, the
c(s) distribution obtained was consistent with a monomeric species containing a
sedimentation coefficient of 2.0 S (Figure 5.8 C). In addition, a non‐zero value of
the c(s) distribution for sedimentation coefficients above 2.0 S suggested the
presence of multiple higher MW species, albeit in small quantities. Similarly, in
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the presence of 10 mM AcP, a single peak was observed with a sedimentation
coefficient of 2.0 S (Figure 5.8 D, E and F). These results were compared with
those obtained in the absence of AcP, demonstrating that AcP does not stimulate
or facilitate dimer or higher order oligomer formation in solution (Figure 5.8 G),
consistent with the GA cross‐linking experiments (section 5.2.2).

5.2.6 Monomeric RssB is the active “substratebinding” species
The discovery that RssBL106N delivered σs for degradation in the presence of AcP,
but not in the absence (section 5.2.4), together with the demonstrated increased
propensity to dimerise, begged the question, which species of RssB actively
binds σs. To address this question, Trx‐RssB (section 2.2.7 and 2.2.8) was
separated by size exclusion chromatography using a Superdex™ 200 10/300 GL
column (section 2.5.1), and monomeric and dimeric species were isolated. After
isolation of the different oligomeric forms of RssB, degradation assays were
immediately performed. As seen previously, “crude” RssB (0.17 µM) before
purification by gel filtration, was able to mediate the degradation of σs both in
the presence and absence of AcP (Figure 5.9 A, top panel; Figure 5.9 B, red
circles) with a half‐life of ~ 7.5 min and 10 min, respectively. Comparisons of the
rate of degradation mediated by either the monomeric or dimeric species of
RssB (separated by size exclusion chromatography), demonstrated that
monomeric RssB, in the presence of AcP, was able to deliver σs to ClpX for
degradation by ClpP (half‐life of σs ~ 2.5 min) (Figure 5.9 A, middle panel, lanes
1‐6, Figure 5.9 B filled green diamonds). As can be seen, the AcP‐mediated
delivery of σs by monomeric RssB was considerably faster than the delivery by
“crude” RssB (half‐life of σs ~ 7.5 min) (Figure 5.9 A, top panel, lanes 1‐6; Figure
5.9 B, filled red circles). Similarly, in the absence of AcP (Figure 5.9 A, lanes 7‐
CHAPTER 5 168

A

B

Figure 5.9:

Comparing the activity of monomeric and dimeric RssB

A) Coomassie Brilliant Blue stain 15% glycine SDS‐polyacrylamide gel
showing degradation of σs mediated by crude RssB (protein
preparation prior to separation by size‐exclusion chromatography)
(top panel), monomeric RssB (middle panel) or dimeric RssB (bottom
panel). The experiments were performed in the presence (left panels)
or absence (right panels) of AcP.
B) Quantification of the percentage of σs remaining relative to the initial
(from A), in the presence (continuous line) or absence (discontinuous
line) of AcP, for crude (red circles), monomeric (green diamonds) or
dimeric RssB species (yellow squares).
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12), monomeric RssB was also more active than “crude” RssB, with the half‐life
of σs ~ 7.5 min versus 10 min (Figure 5.9 A, lanes 7‐12, compare top and middle
panels; Figure 5.9 B, compare open red circles with open green diamonds).
Interestingly, dimeric RssB exhibited a reduced capacity to deliver σs for
degradation by ClpXP, as determined by the ~ 7‐10‐fold decrease in half‐life of
σs not only in the absence of AcP (Figure 5.9 A, bottom panel, lanes 7‐12; Figure
5.9 B, open yellow square) but also in its presence (Figure 5.9 A, bottom panel,
lanes 1‐6 Figure 5.9 B, filled yellow squares). Collectively, these data suggest
that monomer RssB is the active species, while dimeric RssB is inactive.
However, the addition of AcP to dimeric RssB appears to be able to partially
activate RssB for substrate binding and hence degradation, possibly by
favouring formation of the monomer.

5.2.7 Lysine 108 is essential for phosphorylationenhanced activation of RssB
Although it has been proposed that phosphorylation increases the affinity of
RssB for σs (Bouche et al., 1998; Becker et al., 1999; Klauck et al., 2001; Zhou et
al., 2001); the mechanistic details by which this occurs, remains elusive.
Previously it was shown that mutation of Asp58 inhibited the phosphorylation
dependent activity of RssB. Based on structural alignment of other RR N‐
domains, Lys108 is also expected to participate in activation of RssB by
phosphorylation at Asp58. To better understand the mechanism by which
phosphorylation of Asp58 enhances σs binding, various mutations within the N‐
domain of RssB were created and their effects were monitored in a variety of
different assays. Specifically, a number of single and double mutants were
created at these two highly conserved residues in RssB (i.e. Asp58 and Lys108).
Initially, Asp58 was replaced with Lys, and as expected, Trx‐RssBD58K did not
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affect the phosphorylation independent degradation of σs (Figure 5.10 A, middle
panel, lanes 7‐12), but inhibited the phosphorylation‐dependent enhancement
of σs degradation (Figure 5.10 A, middle panel, lanes 1‐6). Next, to monitor the
role of Lys108 in activation of RssB by phosphorylation, this residue was
replaced with Ala. Consistent with an important role for this residue, in the
phosphorylation‐dependent activation of RssB, mutation of Lys108 inhibited the
AcP‐dependent enhancement of σs degradation (Figure 5.10 A, lower panel,
lanes 1‐6). Quantification of the in vitro degradation experiments, clearly
demonstrated the loss in phosphorylation‐dependent enhancement of σs
degradation mediated by the Trx‐RssBK108A mutant (Figure 5.10 B, compare
filled and open pink diamonds), which is consistent with the non‐
phosphorylatable Trx‐RssBD58K mutant (Figure 5.10 B, compare filled and open
green triangles). In order to ensure that the reduced degradation rate was due to
a reduction in σs binding, a series of in vitro “pull‐down” experiments (section
2.5.5) using WT and mutant Trx‐RssB were performed. Quantification of these
results demonstrate that, as expected, the recovery of σs by Trx‐RssB was
improved ~2‐fold by the addition of AcP (Figure 5.10 C). Importantly, the
phosphorylation‐dependent enhancement of σs binding was abolished for both
mutants (Trx‐RssBD58K and Trx‐RssBK108A) and σs binding was reduced to ~ 10‐
20% of that for WT Trx‐RssB in the presence of AcP. As such, these results
demonstrate that Lys108, like Asp58, plays a key role in the phosphorylation‐
dependent enhancement of σs degradation. Theoretically, it is expected that Trx‐
RssBK108A retains the ability to be phosphorylated (although this was not
determined experimentally). These data suggest that Lys108 functions in the
transmission of the phosphorylation‐dependent signal required for σs binding.
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Figure 5.10: Lys108 is essential for phosphorylationdependent σ s
binding
A) In vitro degradation of σs in the presence of Trx‐RssB (top panel),
Trx‐RssBD58K (middle panel) and Trx‐RssBK108A (bottom panel)
either containing (lanes 1‐6) or lacking (lanes 7‐12) AcP. Shown
are the relevant strips of Coomassie Brilliant Blue stain 15%
glycine SDS‐polyacrylamide gels.
B) Quantification of the in vitro degradation of σs displayed in Figure
5.10 A
C) Quantification of in vitro “pull‐down” experiments of σs with Trx‐
RssB (n=8), Trx‐RssBD58K (n=1) and Trx‐RssBK108A (n=1) in the
presence or absence of AcP. Where relevant error bars represent
the SEM.

5.2.8 An attempt to generate a binding mutant with improved σs binding
To better understand the role of RssB phosphorylation, in substrate binding, two
RssB mutants were generated with the aim to create a protein, which was locked
into the high affinity “phosphorylated” conformation. To do so, initially the
conserved residue (Asp58) was replaced with Glu, to generate Trx‐RssBD58E,
which was proposed to act as a phospho‐mimic. Degradation experiments
performed with the Trx‐RssBD58E mutant demonstrated that the AcP‐
independent turnover of σs was faster when compared to Trx‐RssB in the
absence of AcP, (Figure 5.11 A, lanes 7‐12 compare top and middle panels),
suggesting that the D58E mutation, partially activated RssB. Interestingly, in
contrast to WT Trx‐RssB, the degradation of σs mediated by Trx‐RssBD58E could
not be stimulated by the addition of AcP (Figure 5.11 B, compare filled and open
brown triangles). Next, in an attempt to further stabilise the “active”
conformation, in the absence of AcP, an additional mutation K108R was
introduced into Trx‐RssB (Trx‐RssBD58E), with the aim of introducing a salt
bridge between the two mutated residues. Consistent with the degradation of σs
mediated by Trx‐RssBD58E, the double mutant (Trx‐RssBD58E/K108R) was also
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Figure 5.11: Attempts to generate a phosphate ‘ON’ mutant of RssB
A) σs degradation assay. The ClpXP‐dependent degradation of σs mediated
by Trx‐RssB (top panel), Trx‐RssBD58E (middle panel) or Trx‐
RssBD58E/K108R (bottom panel) either in the presence (lanes 1‐6) or
absence (lanes 7‐12) of AcP was monitored by 15% glycine buffered SDS‐
PAGE and visualised by staining with Coomassie Brilliant Blue.
B) Quantification of the experiment shown in Figure 5.11 A.
C) Quantification of in vitro “pull‐down” experiments of σs with Trx‐RssB
(n=8), Trx‐RssBD58E (n=4) and RssBD58E/K108R (n=1) in the presence or
absence of AcP. Where relevant, error bars represent the SEM.
unable to be activated by phosphorylation (Figure 5.11 A, lanes 1‐6), but in
contrast to RssBD58E, the double mutant no longer exhibited the partially
stimulated activity in the absence of AcP (Figure 5.11 A, lanes 7‐12). Next, in
order to determine if this deficiency in degradation was simply due to a defect in
σs binding, a series of in vitro “pull‐down” experiments were performed
comparing the binding efficiency of the various mutants of Trx‐RssB toward the
substrate. Consistent with the degradation of σs, Trx‐RssBD58E (which has an
increased basal rate of degradation, but cannot be stimulated by the addition of
AcP) was able to recover ~ 20% more σs, relative to Trx‐RssB in the absence of
AcP, and this recovery was unchanged in the presence of AcP (Figure 5.11 C).
This result is consistent with the Trx‐RssBD58E mutant being present in a
partially stimulated conformation in the absence of AcP. However, the same was
not true for the double mutant (Trx‐RssBD58E/K108R), which showed that there
was essentially no σs binding (Figure 5.11 C). This discrepancy between binding
and degradation, may suggest that either the in vitro “pull‐down” experiment
fails to capture low affinity interactions between the Trx‐RssBD58E/K108R and σs,
or alternatively supports a model whereby RssB docking to ClpX, is required to
activate ClpXP for degradation of σs, albeit at a slow rate.
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5.2.9 Coordination of the phosphate on RssB by lysine 108 is required for inducing
conformational changes necesssary for optimal binding of σs
Based on section 5.2.7, it appears that Lys108 plays an important role in
coordinating the phosphorylated Asp58 and thereby stabilising the active
conformation. Consistently, the equivalent lysine residue (described in section
5.1.2) in CheY, Spo0A, and the hydrogen uptake protein regulator (HupR)
(Davies et al., 2009) is also responsible for coordinating the phosphate, which in
turn has been proposed to be important in exposing regions of the α4‐β5‐α5
interface important for dimer formation and substrate binding. It was
speculated that the conformation of the α5 helix, adjacent to Lys108, could be
stabilised by phosphorylation. Interestingly, in CheY, the α5 helix was proposed
to be mobile (Lewis et al., 2000; Lee et al., 2001a), although movement of this
region in the two‐component RR, Spo0A is more prominent (Lewis et al., 2000;
Lee et al., 2001a). Sequence analysis of this region identified a conserved region
(RLREMV115‐120), which shared sequence similarity with the XBR motif in SspB
(Dougan et al., 2003; Wah et al., 2003). As such, this region was speculated to be
involved in ClpX binding. Therefore residues within this consensus sequence
spanning the β5‐α5‐loop and the α5‐helix were replaced by site‐directed
mutagenesis. Initially, residues REMV117‐120 were mutated to GAAA (see
Appendix I, Table 1, primer pair K). To ensure the structural integrity of the
mutant protein was not compromised, limited proteolysis of WT and mutant
RssB was performed. Similar to WT Trx‐RssB (Figure 5.12 A, lanes 2‐7), the
mutant protein (Figure 5.12 B, lanes 8‐14) was cleaved into three fragments,
two RssB fragments (the N‐terminal (~12‐14 kDa) and C‐terminal (~22 kDa)
domains) and Trx (~12 kDa), which co‐migrates with the N‐domain of RssB.
Although the overall structural integrity of the mutant, as assessed by limited
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proteolysis appeared similar to WT, the rate of σs degradation was reduced
dramatically when using the mutant protein. In the presence of Trx‐RssB (0.17
µM) with or without AcP, the half‐life of σs was ~5 min and ~7.5 min
respectively (Figure 5.12 B, top‐panel). In contrast, the half‐life of σs, mediated
by the same concentration of Trx‐RssBGAAA was ~15 min in the presence of AcP
(2‐fold increase in stability) and >60 min in the absence of AcP (>8‐fold increase
in stability) (Figure 5.12 B, bottom panel). Next, to determine if the difference in
σs turnover was related to ClpX binding or σs binding, a series of in vitro GA
cross‐linking

experiments

were

performed.

Initially

GA

cross‐linking

experiments were performed with the ClpXN (Figure 5.12 C). Consistent with
previous results (see section 5.2.3, Figure 5.3 E, lanes 1‐6), in the absence of the
ClpXN, RssB was largely monomeric (36 kDa) with a small population (~2‐5%)
of cross‐linked dimer (~72 kDa) observed in the gel (Figure 5.12 C, lanes 1‐6).
Likewise, the cross‐linking profile for RssBGAAA was similar to that of WT RssB
(Figure 5.12 C, lanes 7‐12). In the presence of the ClpXN, complex formation was
observed for both the WT (Figure 5.12 C, lanes 13‐18) and mutant (Figure 5.12
C, lanes 19‐24) RssB, as evident by the appearance of a 45 kDa protein band,
corresponding to the expected MW for a complex between the ClpXN and RssB.
Next the interaction between WT or mutant RssB with σs was monitored by GA
cross‐linking experiments. Consistent with the reduced turnover of σS, mediated
by the RssB mutant, there was a reduction in both the rate and extent of cross‐
linking of σS to RssBGAAA. In the absence of RssB, σs migrated as a single protein
band (~38 kDa) (Figure 5.12 D, lanes 1‐6). However, in the presence of WT RssB
an additional protein band (of ~72 kDa) was observed, that corresponds to an
RssB‐σS complex (Figure 5.12 D, lanes 7‐12). In contrast to WT RssB, the rate
and extent of complex formation of σS with the mutant protein (RssBGAAA), as
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Figure 5.12: Mutations spanning the β5α5loop and α5helix affects
RssB mediated degradation of σ s by reducing RssB
interaction with σ s
A) Limited proteolysis of Trx‐RssB (lanes 2‐7) and Trx‐RssBGAAA
(lanes 8‐14) in the presence of thermolysin. Proteins were
separated by 16.5% Tricine‐buffered SDS‐PAGE and stained with
Coomassie Brilliant Blue. Samples lacking thermolysin (lanes 2 and
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B)

C)

D)

E)

F)

8) represent the respective protein preparation prior to treatment
with thermolysin.
Coomassie Brilliant Blue stained 15% glycine SDS‐polyacrylamide
gel, showing the in vitro degradation of σs in the presence of Trx‐
RssB (top panel) or Trx‐RssBGAAA (bottom panel) either containing
(lanes 1‐6) or lacking (lanes 7‐12) AcP.
Immunoblot (with α‐RssB antiserum) following separation by
16.5% Tricine‐buffered SDS‐PAGE of GA treated RssB in the
absence (lanes 1‐6) or presence (lanes 13‐18) of the ClpXN and GA
treated RssBGAAA in the absence (lanes 7‐12) or presence (lanes 19‐
24) of the ClpXN.
In vitro GA cross‐linking of σs in the absence (lanes 1‐6) or
presence of RssB (lanes 7‐12) or RssBGAAA (lanes 13‐18). Samples
were separated on a 15% glycine‐buffered SDS‐polyacrylamide gel
and subjected to immunoblotting with α‐σs antiserum.
In vitro “pull‐down” experiment on Coomassie Brilliant Blue
stained 15% glycine‐buffered SDS‐polyacrylamide gel showing the
interaction of σs with Trx‐RssB (lanes 2‐4) or Trx‐RssBGAAA (lanes
5‐7), in the presence (lanes 2, 3, 5, 6) or absence (lanes 1, 4, 7) of
AcP.
Quantification of the amount of σs bound to RssB in the in vitro
“pull‐down” experiment from Figure 5.12 E in the presence (black
bars) or absence (white bars) of AcP.

determined by the appearance of the 72‐kDa fragment, was reduced (Figure
5.12 D, lanes 13‐18). The reduced σs binding efficiency exhibited by RssBGAAA
was further confirmed by in vitro “pull‐down” experiments. As expected, Trx‐
RssB bound twice as much σs in the presence of AcP (Figure 5.12 E, lane 3
bottom panel; Figure 5.12 F), than in the absence of AcP (Figure 5.12 E, lane 4
bottom panel; Figure 5.12 F). By comparison, in the presence of AcP the mutant
protein (Trx‐RssBGAAA) only bound ~ 10‐15% of σs, when compared to the Trx‐
RssB (Figure 5.12 E, compare lanes 3 and 6; Figure 5.12 F). This binding was
further reduced in the absence of AcP, with less than 1% of σs bound, relative to
WT Trx‐RssB (Figure 5.12 E, compare lanes 4 and 7; Figure 5.12 F).
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5.2.10 Mutations located at the distal end of the α5helix, abolish σs binding in the
absence of AcP
Establishing the importance of the consensus sequence spanning the β5‐α5‐loop
and the α5‐helix, specific mutations were introduced to identify which residues
are important for optimal σs binding in the presence of AcP. Initially,
Arg117/Glu118 or Arg117 was replaced with Ala to generate RssBRE/AA or
RssBR117A respectively. In vitro degradation assays performed in the presence of
Trx‐RssBRE/AA revealed that this mutant could be activated by the addition of
AcP (Figure 5.13 A, middle panel, lanes 1‐6), however the overall turnover of σs
was reduced relative to WT in the presence of AcP. In contrast, σs degradation
was severely affected in the absence of AcP (Figure 5.13 A, lanes 7‐12, compare
top and middle panels). Interestingly, the single point mutant, Trx‐RssBR117A,
exhibited a different behaviour. The half‐life of σs degradation, mediated by Trx‐
RssBR117A in the absence of AcP was ~ 15 min (Figure 5.13 A, bottom panel, lanes
7‐12), which was slower than the half‐life of σs degradation mediated by WT. In
contrast, the degradation of σs mediated by Trx‐RssBR117A in the presence of AcP
was similar to that mediated by WT (Figure 5.13 A, bottom panel, lanes 1‐6).

To ascertain whether these mutations had an affect on σs binding, in vitro “pull‐
down” experiments were performed with His‐tagged Trx‐RssB (together with
the appropriate mutants) and σs. Similar to previous experiments shown for
Trx‐RssB, binding of σs was increased by ~ 2‐fold in the presence of AcP (Figure
5.13 B, compare lanes 3 and 4; Figure 5.13 C). By comparison, binding of σs, to
either Trx‐RssBRE/AA or Trx‐RssBR117A, was only observed in the presence of AcP,
with approximately a 4‐ or 1.5‐fold reduction in σs binding relative to WT,
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Figure 5.13: Mutations in the α5helix of RssB modulate substrate
binding
A) ClpXP‐mediated in vitro degradation of σs in the presence of Trx‐RssB
(top panel), Trx‐RssBRE/AA (middle panel) and Trx‐RssBR117A (bottom
panel), incubated in the presence (lanes 1‐6) or absence (lanes 7‐12) of
AcP. Samples were separated by 15% glycine SDS‐PAGE and visualised
by Coomassie Brilliant Blue staining with gel strips only showing σs.
B) In vitro ‘pull‐down’ examining the interaction of σs with Trx‐RssB (lanes
2‐4), Trx‐RssBRE/AA (lanes 5‐7) and Trx‐RssBR117A (lanes 8‐10) in the
presence (lanes 3, 6 and 9) or absence (lanes 4, 7 and 10) of AcP.. Total
(2%, top panel) and eluted (80%, bottom panel) samples were separated
by 15% glycine SDS‐PAGE and stained with Coomassie Brilliant Blue.
C) Quantification of the amount of σs bound to RssB in the in vitro ‘pull‐
down’ experiments in the presence (black bars) or absence (white bars)
of AcP. Error bars represent SEM from at least three independent
experiments.
respectively (Figure 5.13 B, lane 6, 7, 9, 10; Figure 5.13 C). A single‐mutation at
Glu118 was not generated, however based on the relative amounts of σs
recovered in the presence of AcP by both mutants (Trx‐RssBRE/AA ~25% bound,
Trx‐RssBR117A 60‐75% bound) it appears that Arg117 plays an important role in
σs binding (either directly or indirectly).
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5.3 Discussion

5.3.1 Correlating RssBN structure with function to determine the active species in
solution
To gain a better understanding of the mechanism of RssB‐mediated degradation
of σs, a combined structural and biochemical approach was taken. At the outset
of this project, no crystal structures of RssB were available in the PDB and
previous attempts to crystallise full‐length recombinant E. coli RssB were
unsuccessful (K. Zeth, personal communication). Therefore in order to obtain
atomic resolution structural information, crystallisation of the individual
domains of RssB (identified in Chapter 4) was carrier out and the X‐ray crystal
structures of the individual domains were determined. Consistent with many
other RR receiver domains, the structure of RssBN appeared to be dimeric.
Consistent with this, a dimer of RssBN was also observed with in vitro cross‐
linking. Nevertheless, analysis of the N‐domain by gel filtration and AUC
experiments suggested that the dimeric species was disfavoured. To determine
the physiological significance of the dimer, a series of experiments were
performed that compared the activity of monomeric and dimeric forms of WT
RssB, as well as selected RssB mutants designed to disrupt dimerisation based
on the structural model.

Given that RssB dimerisation was detected and dimerisation activates many
RRs, it was important to determine if the RssB dimer was the active constituent.
Using a biochemical approach, in vitro degradation experiments revealed an
~12‐fold difference in activity between the monomer and dimer (Figure 5.9)
with monomeric RssB being the most active. These data, suggest that the
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dimeric form of RssB may represent a storage form, whereby RssB remains
largely, if not completely, inactive.

To examine the orientation of the RssB subunits in the dimeric unit, various
point mutations were introduced to disrupt dimer formation on the two possible
subunit interfaces (e.g. Leu36 or Leu106). An inability to destabilise the putative
RssB dimer (Figure 5.6), by introducing the mutation L36N (located on the N‐
terminal β2‐strand, directly facing the adjacent subunit), suggested that (a) this
is not the dimer interface or (b) other residues within this region act to stabilise
the interface. However, mutation of Arg20 to Ala (data not shown), which is also
located on the same putative interface as Leu36, did not disrupt dimerisation.
Thus, the dimer interface observed in the crystal structure may just be an
artefact of crystallisation. The X‐ray crystal structure of P. aeruginosa RssB
(RssBPA) (PDB 3EQ2) deposited in the PDB, also displays a dimeric
conformation, supporting the notion that dimerisation of RssB may be
physiologically relevant. However, unlike the crystal structure solved for E. coli
RssBN (this study), RssBPA appears to form dimers through the more commonly
exploited α4‐β5‐α5 interface. The RssBPA dimer, however, is stabilised through a
long (111‐155 residues) coiled‐coil region (missing in E. coli RssB), which links
the N‐domain to the C‐domain with very few contacts made through the N‐
domain (personal communication with K. Zeth). Considering this, it was
surprising to find that introduction of the L106N mutation into the β5‐strand of
the α4‐β5‐α5 interface of E. coli RssB, had an effect on activity, albeit an unusual
one. RssBL106N was active in the presence of AcP, but inactive in its absence.
Interesting, this mutant also demonstrated an increased propensity to dimerise,
both in the presence and absence of AcP. Anecdotally, poor yields of purified
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recombinant L106N RssBN were obtained relative to the WT protein. This effect
(poor protein recovery) was less prominent in the context of the full‐length
protein (based on amounts recovered relative to the WT). As such, it is possible
that the C‐domain may act to stabilise the full‐length protein. Stabilisation via
the RssBC may not necessarily be unusual, as AUC data performed on this
domain (data not shown) also indicated that the C‐domain was monomeric in
nature. Comparison of σs degradation profiles, mediated by the WT and
RssBL106N, demonstrate that the mutant has approximately a 3‐fold reduction in
activity in the presence of AcP (Figure 5.7 C). These results correlate with the
cross‐linking data, which shows an approximate 3‐fold increase in the inactive
dimer species, for the L106N mutant (~30% dimeric) in comparison to WT
(~10% dimeric) (Figure 5.7 D). As such, this “ON/OFF” behaviour exhibited by
RssBL106N mutant may suggest that Leu106 is involved in either direct or indirect
substrate binding, a feature that is strongly influenced by phosphorylation.
Comparisons made between phosphorylated or BeF3‐bound CheY, revealed key
differences in N‐domain structure between the two states. In addition to the well
conserved residues within the active site of CheY (Cho et al., 2000), Val107
(Leu106 in RssB) undergoes a significant change in chemical shift between an
inactive and active state (Lowery et al., 2005). This residue, located on β5 and
forms part of the α4‐β5‐α5 interface, participates in the interaction with the
partner proteins CheZ (CheZ peptide) and FliM (FliM peptide) (McEvoy et al.,
1999; Cho et al., 2000). As such, based on the role of Val107 in CheY and the
conservation of the equivalent residue in RssB (Leu106), its role in RssB may
resemble that of CheY. Mutation of Leu106 may have destabilised the N‐domain
so that it could not fully contribute to substrate binding either directly or
indirectly. However, recovery of substrate binding by phosphorylation of
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mutant RssB that involves separate interactions via Thr87 (Ser86 in RssB) and
Lys109 (Lys108 in RssB, to be described later in greater detail) may force the
mutant to revert to a conformation resembling the “activated” (high σs binding
affinity) RssB (Cho et al., 2000; Lee et al., 2001a; Lee et al., 2001b). Therefore
even though there appears to be a 3‐fold increase in dimer relative to the WT (in
WT this is the inactive species), RssBL106N in the presence of AcP has a high
affinity for σs consistent with an “activated” monomeric RssB. Thus, in the
absence of AcP, RssBL106N seems to have lost all its ability to sample the “active”
state. This is in contrast to the WT protein, which can sample the “active” state in
the absence of AcP. This suggests that there are RssB conformational
intermediates, with transient σs binding affinities that exist in equilibrium
(described below).

From the data collected so far (Figure 5.5) and consistent with RssB being a two‐
component RR, it appears that alternative RssB conformations exist in solution
that have varying binding affinities toward σs. In addition to the two states of
RssB explained by the two‐state model (i.e. “inactive” constituent (no/low
substrate binding affinity) and “active” constituent (high substrate binding
affinity)) (Volkman et al., 2001; Gardino et al., 2003), the presence of a third
state (with transient σs binding characteristics) could explain why degradation
of σs continues to occur in the absence of AcP? Although the physiological
relevance of the “inactive” dimer remains a mystery, due to its non‐
responsiveness to phosphorylation, it’s interesting to speculate that a monomer
of RssB with low σs binding affinity may also be present as part of the
equilibrium. Unlike the “inactive” dimer, the “inactive” monomer would have to
be responsive to phosphorylation in order to be functionally relevant. As such,
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activation through phosphorylation, aims to lock in the correct conformation
required for high affinity binding of σs, a feature reserved for “active” RssB.
However, activation seems to also occur in the absence of phosphorylation. A
transient intermediate that can also bind σs, albeit with lower affinity when
compared to the phosphorylated “active” form, explains why σs is degraded in
the absence of AcP. This state of RssB remains transient and can sample both an
“inactive” and “intermediate active” state. This occurs since this intermediate is
unphosphorylated. This has been previously reported for NtrC, in which
intermediate conformations such as those described above, are stabilised by N‐
domain phosphorylation (Volkman et al., 2001). These intermediates have also
been described for CheY, which although is not regulated through dimerisation,
subtle structural changes between the various intermediates, induced and
stabilised by phosphorylation aid in the protein’s activation (Simonovic & Volz,
2001; Dyer & Dahlquist, 2006). As such, RssB activation may rely on similar
strategies described for NtrC and CheY, however, what seems to be apparent
based on the in vitro cross‐linking data, phosphorylation does not seem to alter
the propensity for RssBN to dimerise. Thus, the “active” conformation of RssB
that exhibits a high affinity for σs may rely purely on conformational changes
within the monomeric protein. Therefore, even though a model describing
activation of RssB through promotion or prevention of dimerisation is
appealing, activation of RssB seems to resemble that of CheY activation.

5.3.2 Phosphate coordination and structural changes in RssB promote efficient
binding and degradation of σs
Lys109 in CheY (equivalent residue to Lys108 in RssB) located on the α4‐β5‐α5
interface, plays an important role in the coordination of the phosphate group
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(Lee et al., 2001a). This coordination occurs through the formation of a salt‐
bridge with the phosphate oxygen (Lee et al., 2001a) and has been postulated to
act as a “molecular switch” (Lukat et al., 1991), which couples phosphorylation
with conformational changes in the RR N‐domain (Lee et al., 2001a). As the α4‐
β5‐α5 interface also seems to play an important role in RssB activity (section
5.2.4), equivalent mutations were introduced into RssB (i.e. Asp58 and Lys108)
to determine whether this postulated “molecular switch” described for CheY is
also applicable for RssB. Single point mutations of the putative “molecular
switch” (i.e. Lys108) severely effected the activity of RssB. Interestingly, even
though the protein contained an intact Asp58 residue (site of phosphorylation),
the protein lost the ability to respond to phosphorylation. This suggests that
consistent with the role of Lys109 in CheY (i.e. phosphate coordination), Lys108
in RssB assists in coordination of the phosphate, which may in turn cause
structural changes in RssB that promotes the “active” state. Attempts to
generate a constitutively active/“ON” mutant by replacing the conserved Asp58
and Lys108 with longer side chains, was unsuccessful. However, the degradation
profiles and the in vitro “pull‐down” experiments for both the single (RssBK108A)
and double (RssBD58E/K108R) mutants, support a model in which RssB is required
for activation of ClpX. This model is further supported by the identification of a
cross‐link between ClpXN and RssB, suggesting a direct interaction between the
adaptor protein and the unfoldase (Chapter 3). Currently, it is proposed that
binding of RssB to σs results in a conformational change in σs, which allows
direct recognition of the substrate by ClpXP (Studemann et al., 2003). However,
contrary to this idea, several single (RssBK108A) and double (RssBD58E/K108R)
mutants (which display little or no σs binding) were still able to mediate the
degradation of σs. This is consistent with the model that binding of RssB to ClpX,
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may result in activation of ClpX to directly recognise σs without an RssB induced
conformation change in σs. This type of adaptor‐mediated modulation through
direct interaction with the unfoldase has also been proposed for the E. coli
adaptor protein, ClpS (responsible for the delivery of N‐end rule substrates to
the protease ClpAP (Erbse et al., 2006; Wang et al., 2008; Ninnis et al., 2009;
Schuenemann et al., 2009)). ClpS is able to change the substrate specificity of
ClpA by interacting directly with the N‐domain of ClpA (Dougan et al., 2002a;
Guo et al., 2002; Zeth et al., 2002b). Binding of ClpS to the N‐domain of ClpA,
activates the AAA+ protease ClpAP (Zeth et al., 2002a; Zeth et al., 2002b; Hou et
al., 2008; Roman‐Hernandez et al., 2011). In addition, the B. subtilis adaptor
protein MecA, is essential for the activation of the chaperone ClpC. Direct
interaction between the C‐domain of MecA, with both the N‐domain and a linker
region of ClpC, facilitates oligomerisation of ClpC, required for activation of the
protease ClpCP (Kirstein et al., 2006).

Mutational analysis of the REMV117‐120 amino acid sequence located between the
β5‐α5 region was introduced to examine the role of the α4‐β5‐α5 interface in
RssB activity. Interestingly, the following region (i.e. REMV) showed some
homology to the ClpX binding region (XBR) of SspB and RssB, which was
previously described in SspB docking to the ClpX N‐domain (Dougan et al., 2003;
Wah et al., 2003) (Chapter 3). As such, this region was initially though to be
involved in ClpX N‐domain binding. Mutational analysis (RssBGAAA) of this region
severely effected the degradation of σs. Consistent with other mutants (RssBL106N
and RssBK108A), RssBGAAA seemed to interact with the ClpX N‐domain, however
was deficient in σs binding (section 5.9). Based on the preliminary SAXS model
(Chapter 4), the putative short linker sequence that joins the C‐domain of RssB
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to the N‐domain, may act to stabilise the σs binding conformation of RssB.
Interestingly, in a study using related RRs, OmpR and PhoB; generation of
chimeric proteins containing the various N‐ and C‐domains with respective
interchangeable linkers, demonstrated that the activity of each RR was strongly
dependent on their cognate linker region (Mattison et al., 2002; Walthers et al.,
2003). In addition, the composition and the length of the OmpR linker, was also
shown to be essential for activation of the respective RR (Mattison et al., 2002).
Consistently, replacement of the REMV motif with GAAA, within the linker
region of RssB, diminished substrate binding (i.e. loss in RR activity). Likewise, a
similar effect was also observed with mutants, RssBRE/AA and RssBR117A.
Interestingly, substrate binding and degradation was only recovered in the
presence of AcP. This “ON/OFF switch” exhibited by both mutants may be
consistent with phosphorylation stabilising the active conformation that is
required for optimal σs binding. The reduced recovery of σs, as assessed by the
in vitro “pull‐down” experiment may suggest that these residues also play a
direct role in the interaction with the substrate. Therefore, these results suggest
that RssB is likely to exist in equilibrium. This equilibrium consists of an inactive
dimer, a non‐phosphorylated monomer, which also adopts an inactive (no or
low σs binding) conformation, and a phosphorylated monomer that adopts an
“active” (high affinity for σs) conformation. Alternatively, non‐phosphorylated
RssB may adopt a low affinity binding conformation, which represents a
transient intermediate. Nevertheless, phosphorylation of RssB stabilises the
active conformation. This appears to involve correct structural positioning of
α4‐β5‐α5, which may be transmitted through the linker region containing the
conserved Arg117 and Glu118 residues, towards the C‐domain, where the bulk
of σs interaction occurs.
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5.3.3 Concluding remarks
Although there is a plethora of data for different two‐component RRs describing
dimerisation as a means of regulation, various studies described in this chapter,
suggest that the monomeric form of phosphorylated RssB is the active species.
Currently, based on the mutants generated and described in this chapter, it
appears that phosphorylation induces a conformational change in RssB that
relies on Asp58 and Lys108 for the coordination of the phosphate. This
coordination may result in movements of the α4‐β5‐α5 region, which may
permit (a) direct interaction with the substrate through the conserved residues
(Arg117 and Glu118) as well as (b) promotion of the correct positioning of the
RssBC, required for optimal σs binding.
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Chapter 6
RssB and the anti‐adaptors

6.1 Introduction

6.1.1 Regulating the regulator of σs by a novel class of proteins
For many years it was believed that the binding of RssB, to σs, was modulated
only by phosphorylation (Becker et al., 1999; Zhou et al., 2001), however in
2004, Silhavy and colleagues proposed σs degradation could proceed
independent of phosphorylation and that changes in the phosphorylation‐state
of RssB alone were not sufficient to regulate the levels of σs (Peterson et al.,
2004). Indeed, a non‐phopshorylatable mutant of RssB (sprED58A) retains
activity in vivo, and also responds to environmental signals. As such, σs levels are
only partially stabilised in cells carrying a non‐phosphorylatable form of RssB
and yet still respond to carbon and phosphate starvation (Peterson et al., 2004).
Consequently, it was proposed that RssB activity could be regulated through an
unknown mechanism. Subsequently, in a series of genetic screens, several E. coli
genes were identified that inhibited the RssB‐mediated degradation of σs in the
presence of specific environmental stresses. Collectively, these inhibitors of
RssB activity (Ira) proteins have been termed anti‐adaptors (see section 1.6). To
date, three anti‐adaptors IraP, IraD and IraM have been identified, which
respond to the specific stresses of phosphate starvation, DNA damage and
magnesium starvation, respectively (Bougdour et al., 2006; Bougdour et al.,
2008). Currently, however, the mechanism of action of this novel group of
proteins remains unknown.

6.1.2 Regulating RssB by antiadaptors
IraP was the first RssB anti‐adaptor to be identified. As described previously
(Chapter 1), many specific stresses lead to stabilisation of σs, including the two
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well‐characterised conditions, carbon (Lange & Hengge‐Aronis, 1994a;
Zgurskaya et al., 1997) and phosphate starvation (Ruiz & Silhavy, 2003;
Peterson et al., 2004). In an attempt to identify the physiological role of IraP,
carbon and phosphate starved cells were examined. Interestingly, in comparison
to wild type cells the stability of σs in ΔiraP cells was unchanged during carbon
starvation, but rapidly degraded in phosphate starved cells (Bougdour et al.,
2006). This indicated that the inhibition by IraP was coupled to a specific stress
stimuli. Subsequently, two additional anti‐adaptor proteins (IraD and IraM)
were identified, which stabilise σs in response to DNA damage and magnesium
starvation respectively, supporting a stress‐specific mode of regulation of the
general stress response. Although stabilisation of transcriptional regulators
through anti‐adaptors is quite novel in E. coli, similar systems have been
identified in other organisms (D'Souza et al., 1994; Hamoen et al., 1995; Turgay
et al., 1997; Turgay et al., 1998; Ogura et al., 1999).

6.1.3 IraP, IraD and IraM: similarities and differences
Despite sharing an ability to inhibit the RssB‐mediated degradation of σs, the
three anti‐adaptors share little to no sequence homology. Thus, it is likely that
each anti‐adaptor uses a different mode of action. Currently it has been
proposed that IraP and IraD both interact directly with RssB, although in the
case of IraD, a large excess of protein is required in order to observe an
interaction, by in vitro ‘pull‐down’ (Bougdour et al., 2008). In contrast, there is
little evidence to suggest that an interaction between IraM and RssB occurs.
Rather it appears that IraM interacts directly with σs (Bougdour et al., 2008). As
such, whether anti‐adaptor (i.e. IraP, IraD and IraM) interaction prevents
substrate recognition, binding or release to ClpXP, or whether it prevents
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docking to ClpX, remains to be determined. Overall, current data suggest that
each anti‐adaptor uses a different mechanism to inhibit RssB‐mediated
degradation of σs.

6.1.4 Regulating antiadaptor proteins
The up‐regulation of each anti‐adaptor in response to a specific stress stimuli
occurs through varying signalling molecules. IraP is up‐regulated in response to
phosphate starvation and positively regulated by ppGpp (Bougdour &
Gottesman, 2007), which accumulates in both phosphate‐ and carbon‐starved
cells (Xiao et al., 1991; Gentry et al., 1993; Spira et al., 1995; Spira & Yagil, 1998).
Mutations in genes responsible for ppGpp production/accumulation (ΔrelA and
ΔspoT), abolishes the up‐regulation of iraP mRNA in response to phosphate
starvation (Bougdour & Gottesman, 2007). Surprisingly, iraP induction in
response to phosphate starvation is dependent on SpoT, however independent
of RelA (Gentry et al., 1993).

Currently, the signal transduction pathway, which regulates the expression of
IraD is poorly defined. However, microarray analysis has revealed that yjiD
(IraD) is one of the most strongly induced genes following treatment with
hydrogen peroxide, (Zheng et al., 2001) resulting in the rapid stabilisation of σs
(Bougdour et al., 2008). Identification of components regulating IraD expression
have been rather complicated, as factors responsible for damaging DNA, and in
turn promoting stabilisation of σs, are believed to be causing multiple forms of
cell damage. As such, this makes it rather difficult to decipher factors up‐
regulating IraD from other trans‐acting factors and pathways that promote σs
stabilisation.
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The expression of IraM is induced by magnesium starvation, which is sensed by
the histidine kinase, PhoQ. The signal is then transduced to the response
regulator (RR) PhoP, which subsequently activates an operon responsible for
the adaptation to low Mg2+/Ca2+ (Garcia Vescovi et al., 1996; Groisman, 2001;
Minagawa et al., 2003; Zwir et al., 2005). Deletion of the gene encoding PhoP
prevents the up‐regulation of IraM, which either directly or indirectly regulates
IraM expression (Bougdour et al., 2008).

The role anti‐adaptors play in σs stabilisation, appears to be critical for the
proper regulation of the general stress response pathway. While much data is
available describing their regulation in response to specific stresses and their
general mechanism of action, little is currently known regarding the molecular
details of this interaction with RssB that permits the stabilisation of σs.
Therefore this chapter aims to shed some light on the specific interaction of
RssB, with both IraD and IraP, with attention focussed on the regions of RssB
responsible for interaction with IraD or IraP.
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6.2 Results

6.2.1 Expression and purification of recombinant IraD, IraP and IraM
To determine the mode of action of each anti‐adaptor, the individual genes were
amplified by PCR (Appendix I, Table 1, primer pairs T (yjiD), U (yaiB) and V
(ycgW)) and cloned into appropriate bacterial expression vectors for
overproduction of N‐ (His10‐IraM) or C‐terminal (IraD‐His10 and IraP‐His10)
His10‐tagged versions of the proteins (Appendix I, Table 2). Expression of each
anti‐adaptor in E. coli strain BL21‐CodonPlus (DE3)‐RIL was verified by 16.5%
tricine‐buffered SDS‐PAGE (section 2.3.1) (data not shown). Each anti‐adaptor
was then recovered from a soluble extract by IMAC using Ni‐NTA agarose
(section 2.2.5) to different levels of purity (data not shown). Analysis of the
isolated recombinant anti‐adaptors by SDS‐PAGE and Coomassie Brilliant Blue
staining revealed that IraD exhibited the greatest purity (>95%), whilst IraP
(~85%) and IraM (< 70%) were less pure (data not shown).

To improve the purity and recovery of IraP the temperature of expression was
altered, the volume of expression culture was increased and the protein was
isolated from both the soluble and insoluble (inclusion bodies) fractions (section
2.2.4, 2.2.7). Although isolation of IraP from inclusion bodies generated an active
preparation (following refolding of urea solubilised inclusion bodies) (Appendix
III, Figure 1 A, B), the purity of this sample relative to the soluble preparation
was relatively poor (Appendix III, Figure 2). As a consequence, experiments
were performed with recombinant IraP isolated from the soluble fraction of E.
coli lysates, which was approximately 85% pure. Unexpectedly, purified IraP
consisted of two species. Approximately 30‐40 % of the protein migrated with
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an apparent MW of 12 kDa, while the remaining 60‐70% migrated with an
apparent MW of ~ 10 kDa (Appendix III, Figure 1). Given the theoretical MW of
IraP‐His10 (11.3 kDa), it is expected that the large MW protein band
corresponded to the full‐length protein. Interestingly, both proteins were
recognised by the α‐His antibody indicating that each contained an intact C‐
terminal His‐tag (data not shown), suggesting that the smaller protein was post‐
translationally processed at the N‐terminus by a non‐specific protease.

In contrast to IraD and IraP, only partial purification of IraM was possible.
Initially, IraM was expressed as a fusion protein containing a His10‐tag at the N‐
terminus (as described above), however the levels of expression were extremely
low (data not shown). In order to overcome these difficulties, iraM was cloned
(Appendix I, Table 1, primer pair W) into a range of expression vectors including
the co‐expression vector, pETDuet‐1 (Novagen) (Appendix I, Table 2, construct
2467), with the intension to stabilise IraM by co‐expression with RssB (as co‐
expression of partner proteins have been shown to increase protein stability
and solubility in vivo (Henricksen et al., 1994; Li et al., 1997; Fribourg et al.,
2001)). Consistently, the expression (section 2.2.1) of IraM in pETDuet‐1, in the
presence of RssB, improved the solubility of IraM, however unexpectedly this
increase in solubility was also observed in the absence of RssB (data not shown).
Although the recovery of soluble IraM by IMAC from an E. coli lysate (section
2.2.5) was improved, the purity remained poor (data not shown). Due to the
poor purity of IraM, preliminary ex vivo experiments were performed, however
this analysis was not reported here.
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6.2.2 IraD inhibits the RssBmediated degradation of σs
Prior to elucidating the regions on RssB important for IraD interaction, the
activity of IraD was tested in vitro to ensure that the purified His‐tagged proteins
exhibited the expected activity (Bougdour et al., 2008). To do so, in vitro
degradation assays (section 2.5.1) of σs were performed in the absence and
presence of IraD at a range of different concentrations (0.2 ‐ 2 µM). In the
absence of IraD, σs was degraded with a half life of ~1 min, mediated by 0.17 µM
Trx‐RssB (Figure 6.1 A, top panel and B, filled red circles). Consistent with
published findings, IraD inhibited the RssB‐meditated in vitro degradation of σs
(Figure 6.1 A, B). Indeed, in the presence of an approximately equimolar ratio of
IraD and RssB, the half‐life of σs was increased by approximately 2‐fold (half‐life
~ 2.5 min), whilst more prominent stabilisation was observed with a greater
than 4‐fold molar excess of IraD. In this case, a 12‐fold increase in σs
stabilisation was observed (Figure 6.1 A; Figure 6.1 B, filled triangles).
Interestingly, in the presence of an equimolar ratio of inhibitor and substrate
(i.e. 1 IraD: 1 σs), the degradation of σs was significantly reduced (up to 10‐fold)
(Figure 6.1 A; Figure 6.1 B, open diamonds), while a 2‐fold excess of IraD (over
substrate), resulted in near to complete stabilisation of σs with a half‐life for σs
greater than 60 min (Figure 6.1 A, bottom panel; Figure 6.1 B, filled diamonds).
Collectively, these results suggest that IraD can inhibit RssB‐mediated
degradation of σs optimally at a 1:4 molar ratio of RssB to IraD. The requirement
for an excess of IraD may relate to the dynamic nature of the interaction of IraD
and σs with RssB.
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Figure 6.1:

Inhibition of RssBmediated degradation of σ s by IraD

A) Strips from Coomassie Brilliant Blue stained 15% Tricine‐buffered SDS‐
polyacrylamide gels showing in vitro degradation of σs by ClpXP, mediated
by Trx‐RssB in the absence or presence of IraD at 0.2, 0.5, 0.75, 1 and 2 µM.
B) Quantification of σs present relative to the initial, in the absence or presence
of increasing concentrations of IraD. Error bars represent SEM for three
independent experiments.
C) Quantification of the amount of σs present in indicated elution fractions
collected following separation by size exclusion chromatography (Superdex
75 HiLoad 16/60) in the absence of RssB and IraD (open circles, top panel),
presence of RssB only (open triangles, middle panel) and presence of RssB
and IraD (filled diamonds, bottom panel). Samples from elution fractions
were separated and visualized on Coomassie Brilliant Blue stained 16.5%
Tricine‐buffered SDS‐polyacrylamide gels. Size exclusion chromatography
profile, quantification and the figure, were generated by Dr. David Dougan.
(La Trobe Institute for Molecular Sciences (LIMS))
IraD interacts directly with RssB to stabilise σs (Bougdour et al., 2008), however
it remains unclear if this interaction prevents σs binding or prevents docking to
ClpX and hence delivery of the substrate to ClpXP. Therefore to address whether
IraD binding to RssB prevents further interaction with σs, equimolar amounts of
Trx‐RssB and σs were incubated together with AcP (10 mM) in the absence and
presence of stoichiometric amounts of IraD. The various complexes of Trx‐RssB
and σs in the absence and presence of IraD were separated on gel filtration, by
Dr. David Dougan, using a Superdex 75 (16/60) HiLoad column (GE Healthcare).
The peak fractions were analysed by SDS‐PAGE and the distribution of σs was
determined by quantification of the protein band in the gel (Figure 6.1 C). In the
absence of Trx‐RssB and IraD (Figure 6.1 C, open circles, top panel), σs eluted at
approximately 11.25 ml, while in the presence of RssB and consistent with the
formation of binary Trx‐RssB/σs complex, the elution profile of σs was shifted to
earlier fractions eluting at approximately 10.5 ml (Figure 6.1 C, open triangles,
and middle panel). Importantly, following the addition of IraD to a preformed
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Trx‐RssB/σs complex, the elution profile of σs shifted to later fractions (~ 11 ml)
and resembled the elution profile of σs alone (Figure 6.1 C, filled diamond and
bottom panel). Collectively these data suggest that binding of IraD to RssB
prevents its interaction with σs. Although, it’s also possible that the interaction
of IraD with RssB may also affect the delivery phase of the reaction (i.e. binding
to ClpX), this was not investigated in this study.

6.2.3 IraD directly interacts with the RssBN
Having established that IraD inhibits the ClpXP‐mediated in vitro degradation of
σs, through direct binding to Trx‐RssB, additional studies were conducted to
further characterise this interaction. A series of competition‐based degradation
assays were performed, in which the individual domains of RssB (i.e. RssBN and
RssBC) were added to the σs degradation assay. As expected for the positive
control, σs was rapidly degraded by ClpXP in the presence of Trx‐RssB (and
AcP), with a half‐life of less than 2.5 min (Figure 6.2 A, lanes 1‐5; Figure 6.2 D,
red open circles). In the presence of a 6‐fold molar excess of IraD, σs was
stabilised (half‐life > 30 min) (Figure 6.2 A, lanes 6‐10: Figure 6.2 D, blue open
squares). Next, to determine if the IraD‐mediated inhibition of σs degradation
was altered by addition of the C‐domain, the rate of σs degradation was
monitored in the presence of free RssBC (Figure 6.2 B, lanes 1‐10), both in the
absence or presence of IraD. Importantly, and consistent with previous results
(Chapter 4, Figure 4.5), the RssBC alone (Figure 6.2 B, lanes 1‐5; Figure 6.2 D,
black crosses) did not alter the rate of degradation of σs. Likewise, addition of
RssBC in the presence of IraD, did not affect the inhibition on σs degradation
(Figure 6.2 B, lanes 6‐10; Figure 6.2 D, purple triangles). While in contrast, the
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Figure 6.2:

IraD interacts with the Ndomain of RssB

Coomassie Brilliant Blue stained 15% glycine‐buffered SDS‐polyacrylamide gels
showing the degradation of σs mediated by ClpXP and Trx‐RssB (0.17 µM), in the
presence or absence of IraD (A), containing either the RssBC (B) or the RssBN (C)
in the presence of AcP (10 mM).
A) Degradation of σs in the absence (lanes 1‐5) or presence of IraD (1
µM) (lanes 6‐10).
B) Reactions containing RssBN (2 µM) in either the absence (lanes 1‐5) or
presence of IraD (lanes 6‐10).
C) The in vitro degradation of σs with reactions containing RssBC (2
µM) in either the presence (lanes 1‐5) or absence of IraD (lanes 6‐10).
D) Quantification of the in vitro degradation of σs as described in Figure 6.2 A, B
and C. Time points represent the mean value of σs remaining relative to the
initial for three independent experiments (n=3), with error bars signifying
the SEM.
E) Interaction between IraD, RssB and the RssB N‐domain on 16.5% Tricine‐
buffered SDS‐polyacrylamide gel probed with α‐RssB and Coomassie
Brilliant Blue stained for visualization of IraD. IraD containing totals (lanes 2,
3, 5, 7) and eluted (lanes 9, 10, 12, 14) in the presence of RssB (lanes 3, 10),
RssBN (lanes 5, 12) and RssBC (lanes 7, 14). Beads only controls containing
RssB (lanes 1, 8), RssBN (lanes 4, 11) and RssBC (lanes 4, 13).
F) Quantification of three independent (n=3) in vitro ‘pull‐down’ experiments,
with the graph representing the amount of RssBN and RssBC recovered
relative to full‐length RssB. Error bars represent the SEM.
G) Analytical gel filtration elution profile of IraD (open triangle), RssBN (open
circle) and premixed (1:1 molar ratio) IraD and RssBN (filled circle & filled
triangle respectively). To generate the elution profile the amount of each
protein eluted at each fraction (quantified from Coomassie Brilliant Blue
stained 16.5% Tricine‐buffered SDS‐polyacrylamide gels, shown in bottom
panels) relative to total protein, was plotted against the elution volume. The
figure was prepared by Dr. David Dougan.
N‐domain of RssB could modulate the inhibitory activity of IraD, the degradation
of σs was monitored in the presence of free RssBN (Figure 6.2 C, lanes 1‐10),
both in the absence or presence of IraD. Importantly the addition of RssBN did
not affect the rate of σs degradation in the absence of IraD (Figure 6.2 C lanes 1‐
5; Figure 6.2 D, green diamonds), however in the presence of IraD (and RssBN),
σs was rapidly degraded with kinetics like that of a reaction lacking inhibitor
(Figure 6.2 C, lanes 6‐10; Figure 6.2 D, pink crosses). Thus from this set of
competition assays (Figures 6.2 B‐D) it seems that free RssBN and not free RssBC
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can complete with Trx‐RssB for IraD binding. Collectively, these data suggest
that the N‐domain of RssB is both necessary and sufficient for binding to IraD.

To further examine the interaction between IraD and RssB, and confirm a direct
interaction with the N‐domain of RssB, a series of in vitro ‘pull‐down’
experiments (section 2.5.5) were performed using His‐tagged IraD (IraD‐His10)
and untagged RssB. In the absence of immobilised IraD‐His10, a very minor
amount of non‐specifically bound RssB was recovered from the column (Figure
6.2 E, lane 8), however when IraD‐His10 was immobilised to the column, a large
amount of full‐length RssB was recovered in the eluted fractions (Figure 6.2 E,
lane 10). To determine the specific binding of RssB, to immobilised IraD‐His10,
the amount of RssB was quantified. Quantifications were made based on the
amount recovered in the absence of IraD (Figure 6.2 E, lane 8), which was
subtracted from the amount recovered in the presence of immobilised IraD‐
His10 (Figure 6.2 E, lane 10). This was then determined as a percent of the total
amount of RssB applied to the column. As such, this value was then set to
represent 100% binding by full‐length RssB (Figure 6.2 F). Consistent with the
competition degradation assays (Figure 6.2 C and D), relative to WT RssB,
approximately 10% of RssBC was recovered by IraD ‘pull‐down’ (Figure 6.2 E,
lane 14; Figure 6.2 F), while in contrast greater than 80% of RssBN (relative to
full‐length RssB) was recovered by IraD ‘pull‐down’ (Figure 6.2 E, lane 12;
Figure 6.2 F). Next, to confirm a specific interaction between IraD and the N‐
domain of RssB, gel filtration experiments were performed using a Superdex 75
(16/60) column (GE Healthcare), in which 50 nmol of either RssBN, IraD or
RssBN in the presence of IraD were applied to the column. The peak elution
fractions were then separated by 16.5% Tricine‐buffered SDS‐PAGE and stained
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with Coomassie brilliant blue. In the absence of the RssBN, IraD eluted at a
volume of approximately 19.5 ml (Figure 6.2 G, top panel, open triangles).
Likewise, in the absence of IraD, RssBN eluted at approximately 16.5 ml (Figure
6.2 G, middle panel, open circles), as expected for a monomer of RssBN. However,
when both proteins were incubated together, they co‐eluted in a single peak
with an elution volume of approximately 12 ml, which is consistent with a
hetero‐oligomer (Figure 6.2 G, bottom panel, filled triangles (IraD) and filled
circles (RssBN)). Collectively this data provides clear evidence that the N‐domain
of RssB is sufficient for binding to IraD.

6.2.4 IraP, interacts with the Cdomain of RssB
To determine if all anti‐adaptors share a conserved mode of action, the binding
of IraP to the individual domains of RssB was monitored using a similar
approach, described for IraD. Initially, competition based in vitro degradation
assays were performed in the presence and absence of IraP with or without
added RssB N‐ or C‐domains. In the absence of the anti‐adaptor, σs (1 µM) was
rapidly degraded (half‐life ~ 5 min; Figure 6.3 A, top panel; Figure 6.3 B, filled
red circles); by contrast, in the presence of IraP (2 µM), the in vitro degradation
of σs was almost completely inhibited (half‐life > 60 min; Figure 6.3 A, second
panel; Figure 6.3 B, open blue squares). As observed previously, the addition of
5 µM RssBN (Figure 6.3 A, third panel; Figure 6.3 B, filled green diamonds) or
RssBC (Figure 6.3 A, fourth panel; Figure 6.3 B, black crosses) had no effect on
the rate of σs degradation. Surprisingly, and in contrast to IraD, an excess of the
RssBN had little effect on the inhibition of σs degradation by IraP (Figure 6.3 A,
fifth panel; Figure 6.3 B, compare blue squares and pink crosses), suggesting
that IraP binds weakly, if at all, to the RssBN. Interestingly, addition of RssBC in
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Figure 6.3:

In vitro interaction between the RssB Cdomain and IraP

A) Strips from Coomassie Brilliant Blue stained 15% glycine‐buffered SDS‐
polyacrylamide gels, showing the competition‐based degradation of σs by
ClpXP and Trx‐RssB (0.17 µM) in the absence or presence of IraP (2 µM), in
combination with RssBN (2 µM) or RssBC (2 µM) as indicated.
B) Quantification of three independent experiments as shown in Figure 6.3 A
with error bars representing SEM.
C) Immunoblot with α‐RssB antiserum and α‐His antibody (for detection of
IraP) of in vitro ‘pull‐down’ experiment, following separation of relevant
fractions by 16.5% Tricine‐buffered SDS‐PAGE. Percentage of total input
(lanes 1‐7) and eluted fractions (lanes 8‐14) are as indicated. Due to the
reduced sensitivity of the RssB antibody in detection of the RssBN, the panel
displayed for the RssBN was exposed for 10 min, in comparison to 2 min
exposures for RssB and the RssBC.
D) Quantification of the in vitro ‘pull‐down’ experiment from C. The data is
represented as a percentage of IraP bound relative to RssB.
the presence of IraP (at equimolar concentrations) was able to partially relieve
the inhibition of σs degradation (Figure 6.3 A, sixth panel; Figure 6.3 B, compare
blue squares and purple triangles). As such, the data suggests that IraP, in
addition to binding weakly to the RssBN appears to bind, with higher affinity, to
the RssBC.

Next, to validate the domain competition experiments, the interaction with IraP
was examined directly using an in vitro ‘pull‐down’ approach, as described for
IraD (section 6.2.3). His‐tagged IraP was pre‐incubated with RssB, RssBN and
RssBC, then applied to Ni2+‐NTA beads. Following extensive washing of the
beads, the eluted samples were separated by SDS‐PAGE, transferred to PVDF
and analysed by immuno‐decoration with either α‐RssB antiserum or α‐His
antibodies. As expected, and consistent with published data (Bougdour et al.,
2006), full‐length RssB was recovered from the column containing immobilised
IraP (Figure 6.3 C, lane 10; Figure 6.3 D). In contrast, there was little to no
binding of RssBN (~ 0.2% relative to full‐length RssB) to IraP (Figure 6.3 C, lane
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12; Figure 6.3 D), whilst approximately 80% of the RssBC, relative to full‐length
RssB, was specifically eluted from the column containing immobilised IraP
(Figure 6.3 C, lanes 14; Figure 6.3 D). Therefore these results demonstrate that
the C‐domain of RssB is largely responsible for interaction with IraP.

6.2.5 IraD and IraP protect RssB from proteolytic cleavage by Thermolysin
Armed with the knowledge that both IraD and IraP interact with different
domains of RssB, but yet have the same output (i.e. the inhibition of σs
degradation); begged the question, do these anti‐adaptors use two different
mechanistic approaches to perform the same task? To examine any gross
structural effects of anti‐adaptor binding to RssB, a series of limited proteolysis
experiments (section 2.5.3) were performed using RssB in the absence or
presence of either IraD or IraP. In the absence of anti‐adaptor, and consistent
with previous results (Chapter 4, Figure 4.3), RssB was cleaved into two
fragments, a 22 kDa RssBC (Figure 6.4 A, top panel, lanes 4‐7), and the RssBN
(data not shown) upon the addition of thermolysin. Similarly, in the absence of
RssB, IraD was cleaved upon addition of thermolysin, first into a smaller
fragment (~ 10‐12 kDa), which remained stable for approximately 15 min until
finally (at 60 min), the fragment was completely degraded (Figure 6.4 A, middle
panel lanes 3‐7). Interestingly, in the presence of IraD, full‐length RssB was
completely protected from cleavage by thermolysin, for the duration of the
experiment (~ 60 mins) (Figure 6.4 A, bottom panel, lanes 4‐7). Similarly IraD,
although initially cleaved into the smaller (10‐12 kDa) fragment, remained
stable throughout the experiment (Figure 6.4 A, bottom panel, lanes 4‐7). These
data suggest that binding of IraD to the N‐domain of RssB protects full‐length
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Figure 6.4:

IraD and IraP protect RssB from proteolytic cleavage by
thermolysin

Coomassie Brilliant Blue stained 16.5% Tricine‐buffered SDS‐polyacrylamide
gels containing time‐points collected after limited proteolysis with
thermolysin.
A) Limited proteolysis of RssB (top panel), IraD (middle panel) and
premixed (1:5 molar ratio) RssB and IraD (bottom panel) in the
presence of thermolysin.
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B) Limited proteolysis of RssB (top panel), IraP (middle panel) and premixed
(1:5 molar ratio) RssB and IraP (bottom panel) in the presence of
thermolysin.

RssB from proteolytic cleavage by thermolysin, possibly by triggering a
conformational change in RssB.

Consistent with IraD, IraP also protected full‐length RssB from cleavage into its
two domains (Figure 6.4 B, bottom panel, lanes 1‐7). However, in contrast to
IraD, association of IraP with RssB did not protect IraP from proteolysis by
thermolysin. A loss of the full‐length protein was observed within 30 min, not
only in the absence (Figure 6.4 B, middle panel, lanes 1‐5), but also in the
presence (Figure 6.4 B, bottom panel, lanes 1‐7) of RssB. Hence, these results
suggest that IraP, by binding to the C‐terminal domain is able to protect RssB
from cleavage by thermolysin, but itself is not protected. Due to this result
demonstrating no protection of IraP, yet complete protection of full‐length RssB,
it is plausible that perhaps a small peptide fragment of IraP is sufficient to
induce a conformational change in RssB that protects it from cleavage by
thermolysin.
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6.3 Discussion

6.3.1 IraD interacts with the RssB Ndomain
Collectively, the identification of IraP, IraD and IraM has provided a link
between previously described environmental stress inducers and their
contribution to regulating σs stability in E. coli. Currently, it has been proposed
that during phosphate starvation, IraP stabilises σs through a direct interaction
with RssB (Bougdour et al., 2006). Likewise, it has been shown by Gottesman
and colleagues that IraD inhibits the degradation of σs through direct interaction
with RssB and not σs (Bougdour et al., 2008). The data presented in this chapter
demonstrates that IraD binds exclusively to the N‐domain of RssB (Figure 6.2 E).
Moreover, it appears that binding of IraD, to the N‐domain of RssB triggers a
conformational change in RssB (Figure 6.4 A), which in turn, not only prevents
the binding of σs, but also triggers the release of pre‐bound σs from the RssB‐σs
complex (Figure 6.2 G).

Previous data (Chapter 5) indicated that σs binds largely to the C‐domain of
RssB, with a minor contribution from the N‐domain. Collectively the data
suggest two possible models for the inhibition of σs binding and degradation, by
IraD. In the first model, the N‐domain of RssB plays a small, but important direct
role in substrate binding (Chapter 5) and hence docking of the anti‐adaptor
protein, IraD, prevents the binding of σs to RssB in a steric manner. Variability in
binding affinity between σs and IraD for RssB, would play a role here. It is likely
that IraD has a greater affinity for RssB than σs and hence IraD can out compete
σs, ultimately leading to its release. In the second model, σs is bound to RssB and
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binding of IraD triggers a conformational change in RssB, which alters the
affinity of RssB for σs, in turn resulting in release of σs from the RssBC.

Phosphorylation of the RssBN increases the binding affinity of RssB for σs, which
ultimately improves the rate of σs degradation (Chapter 5 and Bouche et al.,
1998; Klauck et al., 2001; Zhou et al., 2001). However, the role RssBN plays in the
RssB‐mediated degradation of σs continues to be unclear. Preliminary SAXS
modelling data of RssB in complex with σs (Chapter 4) demonstrated that RssB
interacts with σs through both the N‐ and C‐domains. Interestingly, competition‐
based in vitro degradation experiments using recombinant IraD in the absence
or presence of the respective free N‐ and C‐domains of RssB, demonstrated that
σs stabilisation mediated by IraD is alleviated by addition of excess RssBN, but
not excess RssBC (Figure 6.2). Collectively, these data suggest that RssBN is
important for interaction with the substrate, σs. However, from the GA cross‐
linking experiments (Chapter 4, Figure 4.6) and SAXS analysis it appears that the
C‐domain of RssB is primarily responsible for the interaction with σs. This raises
the question, why does a domain that makes a small interaction (relative to the
RssBC) with σs have such a profound affect when acted on by IraD? Based on the
current data for both IraD and the RssBN, it suggests that the role of the N‐
domain in RssB function (i.e. interaction with σs), similar to that previously
proposed (Chapter 5), extends above its involvement in direct σs interaction.
Binding of IraD to the N‐domain of RssB may have a dual effect. The most simple
of explanation relies on the model that IraD sterically inhibits σs binding (i.e. the
direct binding model) and as such prevents degradation. However, based on a
series of mutations introduced into the N‐domain of RssB, especially within the
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putative linker region spanning both the N‐ and C‐domain of RssB (Chapter 5), a
more indirect model is proposed. Based on the premise that RssBN is important
for correct conformational positioning of RssB, which is coupled to
phosphorylation (Chapter 5), interaction with IraD may prevent conformational
changes in RssB (i.e. proper positioning of the major σs interacting region in
RssBC) required for σs binding. As a consequence, IraD acts by blocking the
‘intrinsic signal’ (i.e. conformational change/repositioning) required for
activation of the downstream RssBC. This type of communication between
structural domains has been described previously for other two‐component RRs
(Eldridge et al., 2002; Mattison et al., 2002; Walthers et al., 2003), however only
very limited information is known about this process. In a study conducted on a
vancomycin‐resistance associated RR (VraR), insight was gained into its
phosphorylation‐induced activation. In addition to conformational changes in
both the N‐ and C‐domains, phosphorylation of the VraR N‐domain affected the
disordered linker region, which connects both domains (Liu et al., 2009). In
particular, upon phosphorylation of VraR, part of the linker region undergoes
enhanced hydrogen bonding with itself (Liu et al., 2009). This has been
proposed to reduce the length of the linker and as such exert a force that is
responsible for promoting a conformational change/reorientation in the
downstream C‐domain (Liu et al., 2009). As such, inhibition of this process has
been postulated to inactivate the protein. Consistent with the linker region of
VraR being an important connection that transmits the phosphate‐induced
signal from the N‐ to the C‐domain, speculations have been made in regards to
the position that IraD occupies on the RssBN. Described within Chapter 5, the
α4‐β5‐α5 region of the RssBN is a region of high interest, which has been
speculated to play an important role, not only in the interaction with σs, but also
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a site that undergoes phosphorylation induced conformational changes that may
be important for activating the adjoining RssBC. Interestingly, identification of
the individual domains (Chapter 4) via limited proteolysis revealed that just
downstream of this region (α4‐β5‐α5), a segment on RssB was prone to
proteolytic cleavage. As shown in Figure 6.4, addition of IraD prevented the
cleavage of full‐length RssB by thermolysin, which suggests a number of
possibilities. The first, and possibly the most likely explanation, is that the
presence of IraD merely blocks access to the exposed region that is prone to
cleavage by thermolysin. In this case, truncated 12 kDa IraD is also protected
from cleavage by thermolysin (Figure 6.4), suggesting that this is the core‐
binding fragment of IraD. Limited proteolysis experiments performed with the
R117A mutant of RssB (located up‐stream from the thermolysin cleavage site
and described in Chapter 5) showed that this mutant was also protected from
proteolytic cleavage in the presence of IraD (data not shown). Consistent with
these results, IraD had an inhibitory affect on RssBR117A‐mediated degradation of
σs (data not shown). These results suggest that binding of IraD to RssB is not
altered by mutation of Arg117 and hence the cleavage site must be downstream
of Arg117.

In addition to the direct binding model (i.e. IraD binding to the thermolysin
cleavage site), an indirect protection model was also considered. Currently the
α4‐β5‐α5 region/interface has been shown to be highly dynamic in most RR
interactions (Gao & Stock, 2009). In addition, the close proximity of the
thermolysin cleavage site to the α4‐β5‐α5 region, may suggest that binding of
IraD to the N‐domain, independently of the thermolysin cleavage site, may bring
about a conformational change in RssB via the respective interface. Although
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there is a lack of direct evidence to suggest this indirect model, the similarity
exhibited by both IraD and IraP, whereby both anti‐adaptors protect RssB and
yet they interact with separate domains on RssB, suggest a conformational
induced protection on RssB. As such, both adaptors may prevent substrate
binding by inducing a conformational change in RssB.

6.3.2 IraP interacts with the Cdomain of RssB
In contrast to IraD, which interacts with RssBN, IraP was observed to interact
with RssBC (Figure 6.3). Given that the C‐domain of RssB is also the primary site
for interaction with σs, it’s likely that IraP binding inhibits substrate interaction
with RssB by steric hindrance. However, since it is appears that the N‐domain
also contributes to IraP binding (Figure 6.3), albeit with reduced affinity, it is
plausible that IraP interaction occurs adjacent to the “linker” region between the
two domains (the α4‐β5‐α5 region). Although IraP and IraD appear to primarily
interact with distinct regions of RssB, surprisingly IraP and IraD both protect
full‐length RssB from partial proteolysis by thermolysin (Figure 6.4). This effect
suggests that both proteins bind to a common region (i.e. close to the α4‐β5‐α5
region). Surprisingly, IraP, in contrast to IraD (which is protected from partial
proteolysis, in the presence of RssB), is completely degraded by thermolysin,
both in the absence and presence of RssB over the time‐course of the
experiment (120 min). Given that IraP itself, is not protected by RssB in the
partial proteolysis experiments, argues against the “steric hinderance” model for
protection of full‐length RssB and rather, protection is mediated by a
conformational change induced by anti‐adaptor binding. A plausible explanation
for the apparent lack of protection against proteolysis of IraP by RssB, is that a
small peptide of IraP remains bound to RssB, which triggers the conformational
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change responsible for protection of full‐length RssB. Collectively IraD and IraP
protect full‐length RssB from partial proteolysis (in the inactive conformation)
by concealing the linker region of RssB. To determine whether the IraP‐peptide
induced a “stabilised” form of RssB and in turn remaining capable of binding σs,
the putative complex obtained from the limited proteolysis experiments
performed with thermolysin was subsequently tested using an in vitro
degradation experiment (data not shown). Comparisons to reactions containing
RssB in the absence of IraP demonstrated that the putative RssB‐IraP peptide
complex was unable to deliver σs to ClpXP for degradation. These results are
consistent with the proposal that a bound peptide from IraP, continues to inhibit
σs degradation even in the absence of full‐length IraP.

As such, the best collective model to describe the action of anti‐adaptors is that
binding to the appropriate domain of RssB triggers a conformational change in
RssB. This results in a change to the linker region between the two domains, and
as such prevents substrate binding. However, currently it remains difficult to
rule out the possibility that anti‐adaptor binding simply competes directly for
substrate binding (either at the N‐domain for IraD or the C‐domain for IraP).
Importantly, in both models the α4‐β5‐α5 “linker” region between the two
domains appears to play a central role in regulating substrate binding.

6.3.3 Concluding remarks
The anti‐adaptor IraD interacts directly with the N‐domain of RssB, whilst IraP
seems to predominately interact with the C‐domain, possibly with some
contribution through the N‐domain of RssB. These interactions, although they
seem mutually exclusive (i.e. binding to separate domains) trigger the same
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output response, suggesting that the interactions may occur in close proximity
(i.e. linker region) to one other. Thus, they may compete with σs for binding to
RssB by binding to different sites along the RssB‐σs binding interface or induce
conformational changes in RssB that inhibit substrate binding. If they could be
obtained, a comparison of the X‐ray crystal structures of RssB in complex with
σs, RssB in complex with IraP, and RssB in complex with IraD would likely solve
these questions.
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Chapter 7
RssB‐mediated delivery of σs to ClpXP: models
and future directions

7.1 The ClpX Ndomain, a common docking platform for adaptor proteins
The N‐terminal accessory domain of ClpX, also referred to as the ClpX N‐domain,
plays a role in substrate and adaptor binding (Dougan et al., 2003; Neher et al.,
2003; Wojtyra et al., 2003; Thibault et al., 2006; Chien et al., 2007; Abdelhakim et al.,
2008). Adaptor proteins, SspB and UmuD, depend on the ClpX N‐domain for
degradation of the delivered substrate (Gonzalez et al., 2000; Dougan et al., 2003;
Neher et al., 2003; Wojtyra et al., 2003). This is also true for RssB‐mediated
degradation of σs. This dependence on the N‐domain, as demonstrated by in vitro
degradation experiments, using N‐terminally truncated ClpX (ΔNClpX), is consistent
with similar experiments performed with SspB (Dougan et al., 2003; Wojtyra et al.,
2003). Removal of the ClpX N‐domain abolishes SspB‐mediated enhanced
degradation of ssrA‐tagged proteins and the UmuD‐dependent degradation of
UmuD’, with no effect on the adaptor independent activity of the protein (Dougan et
al., 2003; Neher et al., 2003; Wojtyra et al., 2003). In addition, both the ClpX binding
region peptide (SspBXBR) and full‐length SspB were able to inhibit the RssB‐
mediated degradation of σs, suggesting that both adaptor proteins bind directly to
the N‐domain of ClpX. A similar inhibition profile was observed for UmuD‐mediated
degradation of UmuD’ with increasing concentrations of the SspBXBR peptide (Neher
et al., 2003). However, it appears that in the case of RssB, the C‐terminal tail
(GGRLRLMLSAE) of RssB is not directly responsible for this interaction. Based on
chemical cross‐linking experiments, RssB does interact directly with the N‐domain
of ClpX, and it appears to do so through an undefined region within the C‐terminal
domain. Therefore, although RssB appears to use a similar platform for adaptor
protein binding and delivery (the ClpX N‐domain), there are a number of differences
in the mode of interaction between these adaptors proteins and the ClpX N‐domain.
Consistent with this, mutation of Ala29 (within the N‐domain of ClpX) a critical
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residue for SspB binding and delivery, has only a mild effect on RssB‐mediated
delivery of σs (Micevski, 2007). Moreover, based on chemical cross‐linking of RssB
with the ClpX N‐domain, the adaptor‐unfoldase complex seems to contain a single
RssB molecule with a single ClpX N‐domain. In contrast, SspB‐mediated degradation
of its substrates appears to require docking (of an SspB dimer) onto the ClpX N‐
domain via the two C‐terminal tails (Wah et al., 2002; Dougan et al., 2003;
Levchenko et al., 2003; Song & Eck, 2003; Wah et al., 2003; Wojtyra et al., 2003;
Bolon et al., 2004b; Hersch et al., 2004; Park et al., 2007). Collectively, these data are
consistent with a model in which both RssB and SspB use the N‐domain of ClpX for
docking, but dock in a different orientation/mode. Degradation of UmuD’, which
preferentially forms heterodimers with the adaptor protein UmuD (Battista et al.,
1990), is also facilitated by direct docking of the adaptor protein to the ClpX N‐
domain (Neher et al., 2003). Delivery of σs by RssB seems to occur through a series
of weak interactions between each of the components in the ternary complex (RssB‐
σs‐ClpX). This is consistent with interaction based studies (i.e. in vitro ‘pull‐down’
experiments) that demonstrate the inability of ClpXN to ‘pull‐out’ RssB (data not
shown). Similar weak interactions have been reported for UmuD’ degradation by
UmuD, which in addition to UmuD tethering to ClpXN, a weak primary degradation
signal on UmuD’ is required for efficient degradation by ClpXP (Neher et al., 2003).
This mode of delivery described for UmuD’ is strikingly similar to that observed
here for the RssB‐mediated degradation of σs. Although RssB itself isn’t degraded
(Klauck et al., 2001), binding to σs has been postulated to reveal a ‘cryptic’ ClpX
targeting/degradation signal in σs, which is required for recognition and
degradation (Studemann et al., 2003) (described below). As such, in addition to
what seems to be a weak RssB interaction with the ClpX N‐domain, σs binding
(weak) to the processing pore of ClpX may act to stabilise the ternary complex. This
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has also been shown for SspB, whereby the individual binary contacts made
between SspB, SsrA‐tagged substrates and ClpX act to stabilise the ternary complex
(Wah et al., 2002; Bolon et al., 2004b; Hersch et al., 2004). As such, stabilisation by
an avidity effect contributed by all three components permits efficient delivery and
removal of ssrA‐tagged substrates. Therefore a bivalent interaction between ClpX
and the RssB‐σs complex, may explain why total inhibition of σs degradation cannot
be achieved by the addition of increasing concentrations of the ClpX N‐domain (see
Figure 3.1 C). As such, these data suggest that delivery of σs to ClpX relies on RssB
docking to the ClpX N‐domain, which also requires additional interaction(s) that
presumably occur via σs and the ClpX processing pore.

7.2 RssB – a twodomain protein
Biochemical analysis of the RssB domain structure revealed that it is composed of
two globular domains: a structurally conserved N‐terminal domain (~ 14 kDa)
linked to a poorly conserved C‐terminal domain (~ 22 kDa). The N‐terminal domain
of RssB adopts a (αβ)5 topology, which is similar to most response regulators (RRs),
while in contrast, the C‐domain shares structural similarity to the PP2C‐type
Ser/Thr protein phosphatases (D. Micevski, K. N. Truscott, K. Zeth and D. A. Dougan,
unpublished data).

Consistent with most DNA binding RRs, the C‐terminal (effector) domain of RssB is
involved in substrate binding (i.e. DNA), while the N‐domain (regulatory domain) is
responsible for activation of the downstream effector domain, via phosphorylation
of a conserved Asp residue. Surprisingly however, RssBC also seems to be involved
in ClpX binding (data not shown). Furthermore, RssBN is not only restricted to
activation of the C‐domain; it also potentially plays a direct role in substrate
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binding. The biochemical data collected in this study suggests that both domains,
alone, exhibit weak affinity for the substrate. The preliminary biophysical (i.e. SAXS)
analysis of the RssB‐σs complex agrees with this model whereby RssBC forms the
bulk of the interaction with the substrate σs, while RssBN plays a minor, but direct
role. This feature is uncommon amongst two‐component RRs that contain effector
domains.

7.3 The Ndomain of RssB is more than just a regulatory domain
Phosphorylation is a feature common to most RRs, which often results in homo‐
dimerisation. A link between phosphorylation and dimerisation is predominately
mediated by the α4‐β5‐α5 surface in the RRs N‐domain, which following
phosphorylation is reported to undergo the most extensive structural changes
(Bourret, 2010). Like most other RRs, RssB is also phosphorylated (Bouche et al.,
1998), which in turn promotes more efficient binding to its substrate σs (Klauck et
al., 2001). Initial investigations of RssBN, by gel filtration and cross‐linking, revealed
a propensity for this domain to dimerise. These findings, which were consistent
with the crystal structure of RssBN, suggested a dimer interface that deviated from
the more commonly used α4‐β5‐α5 interface. However, mutagenesis of residues in
the putative dimer interface (i.e. N‐terminal β2‐strand) suggested that the crystal
structure dimer was a crystal artefact. Mutations introduced into Arg20 (R20A) and
Leu36 (L36N) of RssBN, which were designed to destabilise the putative dimer
interface had no observable affect on the degradation of σs. In addition, a Cys
mutation was also introduced replacing Leu36 (L36C) with the attempt to trap the
dimer conformation. However, consistent with previous mutations introduced into
this region, neither the degradation of σs nor the dimerisation profile of the
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respective mutant (assessed by chemical cross‐linking) were effected (data not
shown).

During the course of this study, the X‐ray crystal structure of P. aeruginosa RssB
(RssBPA) (PDB: 3EQ2) was solved. Not surprisingly for a two‐component RR, RssBPA
forms a dimer in solution. However, unlike the dimeric structure described in this
study for E. coli RssB (RssBEC), RssBPA seems to adopt the more common dimer
interface involving the α4‐β5‐α5 region. However, although RssBPA, like most RRs
appears to dimerise through the α4‐β5‐α5 interface on the N‐domain, the
interaction is largely stabilised by the long coiled‐coil region located between the
two domains, and not the N‐domain (personal communication with K. Zeth).
Currently, the status (i.e. active or inactive) of the RssBPA is unknown. However,
coiled‐coil predictions of both structures (i.e. RssBEC and RssBPA) revealed that
RssBEC lacks this region spanning both domains. As such, it remains unclear
whether the two domains of RssBEC are orientated in the same way as that
described for RssBPA.

Even though ambiguity exists between the structural data concerning RssBEC and
RssBPA, characterisation of the all‐important α4‐β5‐α5 structure of the RssBN,
revealed that this region plays an important role in the overall function of RssB.
Mutation of surface exposed Leu106, located on the surface of the β5 sheet within
the α4‐β5‐α5 region, almost completely abolished σs degradation in the absence of
AcP, however activity could be almost completely recovered in its presence. In
addition to this, the mutation seemed to increase the propensity of RssBN to
dimerise. Although these results appear to correlate in the absence of AcP (i.e. an
increase in dimer formation results in a reduction in activity), this was not the case
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in the presence of phosphorylation. Understandably, the cross‐linking experiment
may not necessarily be the best approach at looking at the kinetics of dimerisation,
however the experiment does show that for RssBL106A, there is no difference in the
propensity to form dimers irrespective of AcP being present in the reaction.
Therefore this begs the question; is the dimeric species physiologically relevant in
terms of the full‐length protein? Firstly, in order for the dimer to be physiological
relevant like in other RRs, it’s required to respond to phosphorylation (described
below). Secondly, mutating Leu106, which is located within α4‐β5‐α5 region
appears to promote RssBN dimerisation instead of disrupting it. Although mutation
of Leu106 caused an increase in dimerisation of the RssBN, irrespective of AcP,
degradation of σs by the mutant was rescued by AcP. This suggests that introduction
of the mutation seems to affect the low affinity binding of the full‐length protein
with σs in the absence of AcP. This defect seems to be corrected by phosphorylation.
The increase in dimer formation of the RssBN on the other hand, may occur as a
result of conformational instability of the protein. This may be unlike the full‐length
protein, as other elements and the additional domain (i.e. RssBC) may act to stabilise
the protein’s conformation (described below), which are absent from the N‐domain.
As such, this causes an increased propensity of RssBN to form non‐specific dimers
(i.e. exposure of hydrophobic regions. Although dimerisation of the full‐length
RssBL106A was not assessed, based on the degradation profile in the presence of AcP,
the results indicate that this mutant has a less prominent effect in the context of the
full‐length protein. This may be due to elements such as the putative inter‐domain
linker region and RssBC, which may aid in stabilising the protein by preventing non‐
specific dimer formation. In addition to these stabilisation properties, binding to σs
(in the presence of AcP) could in turn stabilise the Leu106 mutant. Crystallisation
and chemical cross‐linking of the RssBC demonstrate that the RssBC is a monomer in
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solution. Therefore, this domain alone when part of the full‐length protein may
prevent the non‐specific dimerisation of the N‐domain. Also, the RssB dimer is not
required for σs binding. Shown by isolated complexes of RssB‐σs containing a single
monomer of both RssB and σs and further supported by the SAXS model (Chapter
5), suggests that σs may stabilise RssBL106A by preventing non‐specific dimerisation
of the N‐domain in the presence of AcP. Ironically, binding of σs to RssB in the
presence of AcP, may act to sequester any exposed hydrophobic residues that have
a tendency to aggregate (a possible problem caused by the introduction of the
Leu106 mutation). Nonetheless, phosphorylation also seems to contribute a great
deal to the recovery of activity. It is well established that RssB is phosphorylated at
the conserved Asp58 (Bouche et al., 1998). Besides this residue, it is interesting to
speculate that both a conserved Thr/Ser (Ser86 in RssB) located on β4, and a
conserved Lys, commonly located between the β5‐α5 region, serve in the
coordination of phosphate (Birck et al., 1999; Lewis et al., 1999; Lee et al., 2001a).
This is speculative, coordination of the phosphate through these residues may not
only result in a conformational change in RssB, but also a locking of this
conformation in the “active” high affinity binding state. The effects of mutating
Lys108 was consistent with this residue being important in the coordination of
phosphate, as even with an intact Asp58 residue, the mutant (RssBK108A) displayed
an inability to be stimulated by phosphorylation. Therefore how does this relate to
the Leu106 mutant? On the basis of their arrangement, both residues are in close
proximity. Although the mutation in Leu106 may disfavour the “active” σs binding
conformation in the absence of AcP, phosphorylation of the Leu106 mutant is
sufficient to overcome an energetically unfavourable hurdle, which is triggered by
movement of Lys108 towards phosphorylated Asp58. However, a direct role for σs
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interacting with this residue, in addition to a conformational one, cannot be
dismissed for Leu106.

A direct examination of the two RssB constituents (monomer vs. dimer),
demonstrated that the monomeric subunit was indeed the “active” constituent,
while the dimer appears to be inactive. These findings are rather unusual in the
sense that, most identified RRs form dimers in response to phosphorylation, and
upon dimerisation become activated (with the exception of the yeast RR SSK1
(Posas & Saito, 1998)). Activation via dimerisation has also been reported for the
atypical RR, HP‐RR, which even in the absence of phosphorylation can form an
active dimer (Hong et al., 2007). Thus, what does the RssB dimer represent?
Initially, the dimer form was considered as an intermediate of RssB that exists as
part of a monomer‐dimer/ two‐state equilibrium, previously described for other
two‐component RR (Volkman et al., 2001). However, phosphorylation, which has no
effect on the RssB monomer‐dimer equilibrium, is the governing factor that shifts
the equilibrium to the “active” state (high σs affinity). Even though this model is
quite simplistic (i.e. usually more than two intermediates (Dyer & Dahlquist, 2006),
currently the non‐responsiveness of the dimer to phosphorylation, may suggest that
this species is an artefact of chemical cross‐linking and crystallographic approaches.

Based on published findings and the data presented in this thesis, it is clear that
phosphorylation of RssB plays an important, but non‐essential role in the binding
and degradation of σs. RssB, like several RRs, has been described to exist in a simple
two‐state equilibrium (active and inactive) (Volkman et al., 2001). However, RssB
may fit better to a more complex arrangement, as has been described for CheY
(Dyer & Dahlquist, 2006), which involves different affinity states. In addition to the
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“inactive” (non‐σs binders) and “active” forms of RssB, covered by a two‐state
equilibrium model, an active intermediate of RssB (i.e. low affinity state) also exists
in the absence of phosphorylation. In line with those described for CheY (Simonovic
& Volz, 2001; Toro‐Roman et al., 2005b; Guhaniyogi et al., 2006), these
intermediates are thought to naturally exist in the cytoplasm (Stock & Guhaniyogi,
2006). The structural rational for this occurrence can be described by the non‐
phosphorylated, but activated CheY‐FliM peptide complex. Based on these studies,
its been demonstrated that active intermediates with lower affinity for the
substrate, as opposed to the phosphorylated form, seem to make fewer inter‐
molecular contacts with the substrate. In the case of CheY and it’s interacting
partner FliM, a non‐phosphorylated CheY makes less contacts with FliM, compared
to a BeF3‐ activated CheY, resulting in a 20‐fold lower affinity of FliM for CheY
(McEvoy et al., 1999; Lee et al., 2001b). As for RssB, non‐phosphorylated RssB binds
σs less efficiently than the phosphorylated form. Therefore the current model
proposes (Figure 7.1 A) that inactive RssB, both a low abundant and unresponsive
dimer (not stimulated by phosphate), and an abundant (~90%) low affinity binding
monomer, can become activated (i.e. high affinity σs binding), upon the latter
species becoming phosphorylated by AcP. An extension to this model (Figure 7.1 B)
and consistent with a more accepted model for RR equilibriums, may involve the
presence of other RssB intermediates. In addition to those already described in the
above model, partially activated molecules of RssB, with a transient yet
intermediate binding affinity may exist in the absence of AcP (Figure 7.1 B, 2a).
Hence, based on the observations made for unphosphorylated CheY‐FliM,
unphosphorylated RssB with intermediate binding may bind σs with lower affinity
as a result of fewer contacts made between the two proteins.
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A

B

Figure 7.1:
A)

Hypothetical models for the activation of RssB by
phosphorylation (RssB Equilibrium)
The first model states that RssB exists in equilibrium, in which
an inactive dimer (dimerisation through the N‐domain) with
unknown physiological relevance, and transiently active
monomer, with a low σs binding affinity (1) can be activated by
phosphorylation (yellow P) (2). This activation of Asp58 and
the coordination through Lys108, may cause a conformational
change in RssB that improves the σs binding affinity from low
to high. Depletion of the phosphate (3), renders RssB back to
the state, which has a low σs binding affinity.
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B)

The alternative, yet more complex model describes the
presence of another constitutive that is transiently active
with an intermediate σs binding affinity. Consistent with
Figure 7.1 A, the dimeric RssB protein is inactive and
unresponsive to phosphorylation. The predominant
constituent between the two inactive states is a monomeric
form, which the “active” σs binding states originate. Activation
of RssB to the high σs binding state occurs through
phosphorylation as described in Figure 7.1 A.
However,
deviating from the previous model, a second intermediate,
which also binds σs, forms part of this equilibrium. This
constituent binds half as much σs in comparison to the
phophorylated formed and as such it’s termed as being
transiently active. This transient activation is attributed to the
absence of phosphate, which is proposed to trap the correct
conformation required for a high σs binding affinity.

In the attempt to identify the region on the ClpX N‐domain responsible for
interaction with RssB, a peptide library was incubated with RssB (data not shown).
From this analysis, a peptide (located in the region between the two domains) was
identified as a ClpX N‐domain binding peptide. Interestingly, this ClpX binding
peptide contained the sequence RLREMV, which is homologous to the XBR motif
found in SspB (Dougan et al., 2003). Surprisingly, mutation of this region (RE/AA
and R117A) affected substrate binding. However, similar to the Leu106 mutant, the
defect in substrate binding and delivery could be rescued by the addition of AcP.
Importantly, the single point mutant (R117A) of RssB (in the presence of AcP)
bound σs to approximately the same extent as WT RssB (in the absence of AcP).
These data are consistent with the idea that mutation of the linker region/α5
(either R117A or L106N) is sufficient to abolish low affinity binding of σs (in the
absence of AcP), which could be overcome by reorganisation of the high‐affinity
binding interface (combined N‐/C‐domain substrate binding interface) upon the
addition of AcP. The loss of σs degradation in the absence of AcP, may suggest that
the α5 region forms part of a low affinity binding interaction with the ClpX N‐
domain. Alternatively, mutation of these residues may destabilise the spontaneous
CHAPTER 7 232

conversion of RssB to the “active” conformation, in the absence of AcP. However,
recovery in the presence of AcP may be a direct result of phosphorylation (through
phosphate coordination via Asp58 and Lys108) forcing a conformational change of
the RssB mutants, into the “active” state. Interestingly, as described previously for
the Leu106 mutant, even in the absence of AcP, degradation of σs was observed for
both RE/AA and R117A. Considering that σs binding was not observed for neither
RssB mutant, these data may suggest that RssB is also required for activation of
ClpX. This type of adaptor mediation has been previously described for both the E.
coli adaptor protein ClpS and the B. subtilis adaptor MecA. ClpS, a monomeric
adaptor that contains a substrate‐binding pocket for N‐end rule substrates, delivers
to ClpAP via docking to the ClpA N‐domain (Dougan et al., 2002b; Guo et al., 2002;
Zeth et al., 2002a; Zeth et al., 2002b). In the absence of bound substrates, ClpS
binding to ClpA, modifies the substrate specificity of ClpAP (Dougan et al., 2002b).
MecA, which also happens to be a monomeric adaptor protein, is the cognate
adaptor protein of ClpCP. Interestingly; MecA is responsible for stable assembly of
the active ClpC hexamers (Turgay et al., 1997; Kirstein et al., 2006) and as such,
works by activating the protease. Therefore, it is plausible that RssB binding to the
ClpX N‐domain, although may not be as prominent as in MecA‐mediated activation,
binding nonetheless, is essential for σs degradation.

7.4 RssB interaction with the antiadaptor proteins, IraD and IraP
The initial discovery of IraP’s role in the regulation of σs during phosphate
starvation provided the field with a new paradigm of how environmental signals
can modulate the stability of σs. However, the molecular mechanism of IraP and
more recently identified anti‐adaptors IraD and IraM remained unknown. To fill in
these gaps in knowledge in this area, this study has described the molecular
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interactions between anti‐adaptors IraD and IraP and RssB that contribute to the
stability of σs. Consistent with the findings of Gottesmann and colleagues, IraD
directly interacts with RssB, to prevent σs binding (Bougdour et al., 2008). This
interaction, which is mediated through RssBN appears to prevent binding of σs to
RssBc. These data, suggest one of two possible mechanisms for inhibition. In the
first model, binding of IraD to the low affinity RssBN site is sufficient to block direct
interaction with the substrate. The second describes, binding at the RssBN, triggers a
conformational change in RssB, which prevents conversion of RssB to the “active”
state (i.e. high affinity σs binding). In the case of IraP, which appears to bind to
RssBc, inhibition can be more easily explained by a “steric hindrance” model, as the
C‐domain is primarily responsible for σs binding. Interestingly, the addition of IraD
(or IraP) to RssB in a partial proteolysis assay inhibits cleavage of RssB into its two
globular domains. Although these data are consistent with a conformational change
in RssB as a direct consequence of anti‐adaptor binding, they may also be explained
by a steric hindrance model. The anti‐adaptors IraP and IraD may bind to separate
domains on RssB, to prevent substrate binding at a single site, which is located close
to the linker region (between the two domains). Consistent with this idea, cross‐
linking and preliminary SAXS analysis places σs between both RssB domains in the
RssB/σs complex. Thus, anti‐adaptor binding in the vicinity of this hinge region on
RssB (through either the N‐ or C‐domain) may sterically prevent σs binding.
Importantly, the inter‐domain linker region of a number of RRs has been shown to
be an important region in transmission of the activation signal to the downstream
effector domain. In RRs such as CheB, the inter‐domain linker acts to inhibit the
proteins activity in the absence of phosphate (Anand et al., 1998; Djordjevic et al.,
1998), whilst in others, structural changes (induced by phosphorylaton) within this
region promote the reorientation of the effector domain that in turn, activates the
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protein (Liu et al., 2009). These findings demonstrate a possible basis for signal
propagation in RRs, in which inhibitors binding to this region may prevent
activation of the RR (Liu et al., 2009) and are consistent with the role described for
both IraD and IraP. In addition to a mechanistic role involving the steric hindrance
of σs binding to RssB, both IraD and IraP may prevent an activation event, required
for optimal binding of σs. These ideas, not only contribute to a better understanding
of anti‐adaptor binding, but also to the events responsible for activation of RssB. In
addition to phosphate coordination events described previously for RssB,
alterations in the linker region of RssB, may structurally re‐orientate the
downstream C‐domain to provide better binding of σs. This may also have
implications with regards to ClpX binding, whereby activation of RssB (via the inter‐
domain linker region), may serve to better orientate the RssBC for optimal binding
to the ClpX N‐domain, in turn resulting in more efficient degradation.

7.5 A model for RssBmediated degradation of σs and inhibition by antiadaptors
Collectively, a number of aspects regarding the turnover of σs have been examined
within this thesis. Based on the data obtained, the following model for the
degradation of σs mediated by RssB and ClpXP is proposed (Figure 7.2). Initially,
RssB like most other RRs is present in equilibrium (see section 7.3), in which an
“active” high affinity binding monomer is favourable in the presence of phosphate.
Activation of RssB occurs through the coordination of phosphate through both the
conserved Asp58 and Lys108 (Ser86 wasn’t examined in this study), resulting in
conformational changes in the α4‐β5‐α5 interface and the inter‐domain linker. This
change in the linker region may re‐orientate the C‐domain to better accommodate
σs binding. Upon binding of RssB to σs, which is mediated predominately by the C‐
domain, in addition to contact(s) with the RssBN, interaction with an
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Figure 7.2:

Hypothetical model demonstrating the degradation of σ s
mediated by RssB and ClpXP
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(1) Conformational changes in RssB, which may involve movement of the α4‐
β5‐α5 interface, the inter‐domain linker region and re‐orientation of the
downstream RssBC. Phosphorylation of RssB stabilises the active monomer
conformation. Unlike the transiently active intermediate, which can freely
sample both an intermediate and low σs binding affinity conformation,
phosphorylated RssB is locked into the conformation synonymous with high
σs binding affinity. Binding of RssB to σs (2) results in conformational
changes in σs (3), postulated to reveal a ‘cryptic’ ClpX degradation signal.
Delivery of σs by RssB occurs through docking of RssB to ClpXN via its C‐
domain, which is also stabilised through an interaction with σs (4). Docking
of RssB to the ClpXN may alter the conformation of ClpX (pore region), in
turn activating recognition of σs (5). ClpX mediates unfolding of σs and its
translocation into the degradation chamber of ClpP, where degradation
occurs (6).
internal “turnover element” in σs (Becker et al., 1999), is postulated to cause a
conformational change in σs (Studemann et al., 2003). This conformational change
in σs has been described to reveal a “cryptic” ClpX degradation tag at the N‐terminus
of σs (residues 7‐35) (Flynn et al., 2003; Studemann et al., 2003). Thus, an RssB‐σs
complex binds to the ClpX N‐domain, via the C‐domain of RssB. The ternary complex
is then stabilised through ClpX interactions with both RssB and σs.

A model for the stabilisation of σs by anti‐adaptors is shown in Figure 7.3. IraD and
IraP, bind to the N‐ and C‐domain of RssB respectively, which is in close proximity
to the inter‐domain linker region. In addition to sterically hindering the binding of
σs to RssB, via the individual domains, both anti‐adaptors may trigger a
conformational change in RssB that inhibits σs binding. As described in section 7.4,
these conformational changes may be mediated through the inter‐domain linker
region. Preliminary ex vivo ‘pull‐down’ experiments performed with IraM,
demonstrate a preferential interaction with the RssBC. However, based on in vitro
‘pull‐down’ experiments performed by Gottesman and colleagues, IraM seems to
also interact with σs directly (Bougdour et al., 2008). Collectively, these data suggest
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Figure 7.3: Hypothetical model describing the inhibition of σ s degradation
by IraD and IraP
Degradation of σs in the exponential growth phase ((1), (2), (3)) is consistent with
Figure 7.2. Inhibition of σs degradation during DNA damage and phosphate
starvation occurs via direct RssBN interaction (IraD) and RssBC interaction (IraP)
that prevents RssB interaction with σs (4a), and/or induces a conformational
change in RssB that renders the protein inactive (4b). Binding of both IraD and IraP
may revert RssB into the low affinity σs binding monomer (Figure 7.1).
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that anti‐adaptors may not utilise a conserved mechanism of action and rather
function via a number of discrete mechanisms.

7.6 Future directions
The results presented within this thesis address the interactions that occur in the
degradation of σs. In addition to the data presented in this thesis, further refinement
of the SAXS model is required to improve the map of the specific interactions
between RssB and σs. Ultimately to assist in refining this model, co‐crystallisation of
RssB and σs, (but also RssB with the individual anti‐adaptors) may assist in further
understanding these interactions. One problem in obtaining a better model for each
domain, results from noise in the system as a result of flexibility of the thioredoxin
domain. Removal of this domain was attempted, however this reduced protein
stability and therefore further optimisation is required. As described previously, the
α4‐β5‐α5 interface in conjunction with the inter‐domain linker region on RssB may
be responsible for both a direct interaction with σs (Leu106, Arg117, Glu118) and
the cross‐communication between the N‐ and C‐domain (inter‐domain linker). To
further substantiate these data, NMR may be useful to determine the effects on this
region in either the absence or presence of σs, in turn giving more insight into
residues that are most affected by these additions. Also, to determine the affects of
phosphorylation, NMR may assist in specifically determining residues that undergo
the most change (i.e. spectral shifts) in the presence of phosphate, and whether
these correlate to those already tested and described (Lys108, Ser86).

In terms of anti‐adaptor studies, sequence alignments of IraP, IraD and IraM show
that the three anti‐adaptors share little if any sequence similarity (Bougdour et al.,
2008), which makes it rather difficult to predict or identify novel anti‐adaptors
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through basic bioinformatic searches. Nevertheless, the characteristic feature of
these proteins (i.e. stabilise σs in response to specific stresses), along with the
identified and postulated transcriptional regulation by AppY, as of a yet unidentified
putative anti‐adaptor, strongly implies that additional anti‐adaptors exist within the
cell. As such identification of novel anti‐adaptors may be possible using biochemical
approaches such as an in vitro “pull‐down” experiment. Using the data described
within this thesis and based on work carried out on IraD and IraP, it may prove
beneficial to use either the RssB N‐ or C‐domains to capture novel anti‐adaptors via
‘pull‐down’ or co‐immunoprecipitation with lysates obtained from E. coli under
different stresses. Understandably glucose starvation is one of the major stresses,
which stimulates the stationary‐phase stress response. Therefore using cell lysates
that have been starved of carbon may be applied to the respective N‐ and C‐domain
in the attempt to identify novel interacting proteins. Alternatively 2D difference gel
electrophoresis (DIGE) could be performed in conjunction with mass spectrometry
in the attempt to identify novel anti‐adaptors under different stress conditions.
Comparisons made between stationary‐phase cell lysates induced by DNA damage
(i.e. H2O2 induction), phosphate and magnesium starvation to test lysates induced
by carbon starvation may reveal the up‐regulation of novel anti‐adaptors in
response to the specific stress. Up‐regulated proteins that are generally small (< 20
kDa) in nature may be favoured for further characterisation, as the anti‐adaptors
identified to date are generally small in size. Further understanding of the
molecular mechanism of σs stabilisation by anti‐adaptors is also important.
Currently, based on the high purity and concentrations of recombinant IraD
achieved here, makes IraD a good candidate for co‐crystallisation studies using
RssBN or the full‐length protein. This may solve the current dilemma on whether
anti‐adaptors strictly function to sterically hinder the binding of σs or whether they
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also prevent a putative conformational change in RssB required to bind σs. This
approach seems appropriate in light of the preliminary SAXS model describing an
“active” RssB‐σs complex, as the data was generated in the presence of AcP.
Comparisons made between RssB from the SAXS model to a successful crystal
model of the RssBN‐IraD and/or RssB‐IraD, may be useful in determining these
differences. Obviously this will only be possible with (1) refinement of the SAXS
model and (2) if the conformational change in RssB and the respective domain is a
considerable one. Currently a similar approach in further characterising the
interactions between RssB and IraP and IraM is not possible due to limitations in
the concentrations of the respective protein. Attempts have been made to improve
the yields and concentrations of these proteins, however are not optimal for such
studies as of yet. Nonetheless, in the attempt to identify the regions on RssB that
IraP may be binding and correlate it with the in vitro data, an RssB peptide library
may be employed. As for IraM, a co‐expression (with RssB) approach is currently
being used to improve its purity. In conjunction with this approach, analysis of
crude preparations of IraM via ex vivo ‘pull down’ revealed that IraM preferentially
interacts with the RssBC. Further analysis is required to confirm this interaction.

7.7 Concluding remarks
The recombinant wild‐type proteins (RssB, σs, IraD), RssB domain constructs and
various RssB mutants generated and characterised in this study, can now be applied
to detailed structural studies. Undoubtedly, determination of the E. coli RssB
structure (crystal and solution) trapped in different functional states (i.e. bound to
σs and/or anti‐adaptors) and compared to biochemical data (as described here) will
be critical for a complete understanding of this dynamic protein and hence post‐
translational regulation of σs.
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Appendix

Appendix I
Table 1: Summary of primers utilized to facilitate the outlined studies

Primer
pair

Used for cloning of:

A

pHUE/ecRssB

A

pHUE/ecRssB

AA

pET32/ecRssBL106N

AA

pET32/ ecRssBL106N

B

pHUE/ecRssB(L36D)

B

pHUE/ecRssB(L36D)

C

pHUE/ecRssB(L36N)

C

pHUE/ecRssB(L36N)

D

pHUE/ecRssB(L36C)

D

pHUE/ecRssB(L36C)

E

pHUE/ecRssB(L332D)

E

pHUE/ecRssB(L332D)

F

pHUE/ecRssB(L332A)

Sequence

Features

5´-gactctggatccatgacgcagcc
attggtcgg-3´

Bam HI restriction site
for cloning

5´-tatgataagcttcattctgcagac
aacatcaag-3´

Hind III restriction site
for cloning

5´-gaagatgttAACctgaaacca
gttaaagatctg-3´

‐

5´-ctggtttcagGTTaacatcttc
aacgcccagacg

‐

5´-gacaacggtatgcgcgac
agatggggtggatgc-3´

Introduction of Sal I
restriction site

5´-cccatctgtcgcgcata
ccgttgtcgctcccaatg-3´

Introduction of Sal I
restriction site

5´-gacaacggtaaatgctgcaga
tggggtggatgc-3´

Introduction of Pst I
restriction site

5´-cccatctgcagcatttaccgttg
tcgctcccaatg-3´

Introduction of Pst I
restriction site

5´-gacaacggtatgcgctgcaga
tggggtggatgc-3´

Introduction of Pst I
restriction site

5´-cccatctgcagcgcataccgtt
gtcgctcccaatg-3´

Introduction of Pst I
restriction site

5´-ggtcgtctgcgcgatatgttgtc
tgcagaatg-3´

5´-gacaacatatcgcgcagacgac
caccggttc-3´

5´-ggtcgtctgcgcgctatgttgtc
tgcagaatg-3´

Loss of Sal I site

Loss of Sal I site

Loss of Sal I site
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Loss of Sal I site

F

pHUE/ecRSSB(L332A)

G

pHUE/ecRssBN &
pHUE/ecRssBC

G

pHUE/ecRssBN &
pHUE/ecRssBC

5´-cctcaacgcgggatccttacatg
ctgggatagagacagg-3´

Introduction of Bam HI
restriction site and stop
codon

H

pET32/ecRssBN

5´-cccagcatgtaaggatcccgcgt
tgaggaagaggaaagg-3´

Introduction of Bam HI
restriction site and stop
codon

H

pET32/ecRssBN

5´-cccagcatgtaaggatcccgcgt
tgaggaagaggaaagg-3´

Introduction of Bam HI
restriction site and stop
codon

I

pET32/ecRssBC

5´-tagatcccatggtgttt
aattcgcgcgttg-3´

Nco I restriction site for
cloning

I

pET32/ecRssBC

5´-catcagctcgagtcatt
ctgcagacaacatc-3´

Xho I restriction site for
cloning and stop codon

J

pET32/ecCheY

5´-ctgataggtaccgcggat
aaagaacttaaa-3´

Kpn I restriction site for
cloning

J

pET32/ecCheY

5´-gtcgtccatggccatgccc
agtttctcaaag-3´

Nco I restriction site for
cloning

K

pET32/ecRssBGAAA

K

pET32/ecRssBGAAA

L

pET32/ecRssBRE/AA

L

pET32/ecRssBRE/AA

M

pET32/ecRssBR117A

5´-gacaacatagcgcgcgcagacgac
caccggttc-3´

5´-cccagcatgtaaggatcccgcgt
tgaggaagaggaaagg-3´

Introduction of Bam HI
restriction site and stop
codon

5´-gaatcgcttgggcgcggccgc
ttttgcctgtctctatcccag-3´

Introduction of Not I
restriction site

5´-caggcaaaagcggccgcggcccaa
gcgattcagatctttaac-3´

Introduction of Not I
restriction site

5´-gaatcgcttggccgccatggtttt
tgcctgtctctatcccag-3´

Introduction of Nco I
restriction site

5´-caggcaaaaaccatggcggccaa
gcgattcagatctttaac-3´

Introduction of Nco I
restriction site

5´-gaatcgcttggccgagatggttt
ttgcctgtctctatccag-3´

Removal of Nco I
restriction site from
RE/AA construct
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M

pET32/ecRssBR117A

N

pET32/ecRssBD58K

N

pET32/ecRssBD58K

O

pET32/ecRssBK108A

O

pET32/ecRssBK108A

P

pET32/ecRssBK108D

P

pET32/ecRssBK108D

Q

pET32/ecRssBK108R

Q

pET32/ecRssBK108R

R

pET32/ecRssBD58E

R

pET32/ecRssBD58E

S

pHUE/iraP

5´- gactctccgcggtggaatgaa
aaatctcattgctg-3´

Sac II restriction site for
cloning

S

pHUE/iraP

5´- tatgatgcggccgcttactga
cgaggatgcttc-3´

Not I restriction site for
cloning

T

pET10C/IraD

5´-cgatgacatatgatgcgaca
atcacttcaggc-3´

Nde I restriction site for
cloning

T

pET10C/IraD

5´-catgactgcggccgcgctgac
attctccagcgtcgc-3´

Not I restriction site for
cloning

5´-caggcaaaaaccatctcggccaa
gcgattcagatctttaac-3´

Removal of Nco I
restriction site from
RE/AA construct

5´-gatgatatgtaaaatcgcg
atgccacgaatg-3´

Removal of Eco RV
restriction site

5´-catcgcgattttacatatca
tcaggtctggag-3´

Removal of Eco RV
restriction site

5´-gttttgctggctccagtta
aagatctgaatc-3´

5´-ctttaactggagccagcaaa
acatcttcaacg-3´

Removal of Bam HI
restriction site from
K108D construct
Removal of Bam HI
restriction site from
K108D construct

5´-gttttgctggatccagtta
aagatctgaatc-3´

Introduction of Bam HI
restriction site

5´-ctttaactggatccagcaaa
acatcttcaacg-3´

Introduction of Bam HI
restriction site

5´-gttttgctgcgtccagtta
aagatctgaatc-3´

5´-ctttaactggacgcagc
aaaacatcttcaacg-3´

Removal of Bam HI
restriction site from
K108D construct
Removal of Bam HI
restriction site from
K108D construct

5´-gatgatatgtgaaatcgcg
atgccacgaatg-3´

Removal of Eco RV
restriction site

5´-catcgcgatttcacatatca
tcaggtctggag-3´

Removal of Eco RV
restriction site
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U

pET10C/IraP

U

pET10C/IraP

V

pET10N/IraM

V

pET10N/IraM

W

pETDuet/IraM

W

pETDuet/IraM

X

pETDuet/ecRssB

X

pETDuet/ ecRssB

Y

pETDuet/ ecRssBN

Y

pETDuet/ ecRssBN

Z

pETDuet/ ecRssBC

Z

pETDuet/ ecRssBC

5´-gactctcatatgaaaaat
ctcattgctgag-3´

Nde I restriction site for
cloning

5´-tatgatgcggccgcctga
cgaggatgcttc-3´

Not I restriction site for
cloning

5´-cacagtacgcggccgcaaagtg
gatagtaattgacac-3´

Not I restriction site for
cloning

5´-tcgactggatccttacttga
gcccatatgggcata-3´

Bam HI restriction site
for cloning

5´-gactctggatccaaagtgat
agtaattgacac-3´

Bam HI restriction site
for cloning

5´-atagcgaagctttacttga
gcccatatgggc-3´

Hind III restriction site
for cloning

5´-tatcgccatatgacgcagc
cattggtcggaaaac-3´

Nde I restriction site for
cloning

5´-tctcagctcgagtctgca
gacaacatcaagcgc-3´

Xho I restriction site for
cloning

5´-cccagcatgtaaggatcccgcgt
tgaggaagaggaaagg-3´

Introduction of Bam HI
restriction site and stop
codon

5´-cctcaacgcgggatccttacatg
ctgggatagagacagg-3´

Introduction of Bam HI
restriction site and stop
codon

5´-tatcgccatatgtttaattcg
cgcgcgttgagg-3´

Nde I restriction site for
cloning

5´-catcagctcgagtcattct
gcagacaacatc-3´

Xho I restriction site for
cloning and introduction
of a stop codon
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Appendix I
Table 2: Summary of clones generated or used in these studies

Name

Lab
code

Gene insert

Parental
backbone

Restriction
sites
employed

Antibiotic
resistance

Source/
Created by

pET32/ecRssB

1010

ecRSSBWT

pET32

Nco I/Xho I

Ampicillin

RH

pET32/ecRssBN

2353

ecRSSBN

pET32

‐

Ampicillin

DM

pET32/ecRssBC

2401

ecRSSBC

pET32

Nco I/Xho I

Ampicillin

DM

pHUE/ecRssB

2102

ecRSSBWT

pHUE

Bam HI/Hind
III

Ampicillin

DM

pHUE/ecRssBN

2134

ecRSSBN

pHUE

‐

Ampicillin

DM

pHUE/ecRssBC

2149

ecRSSBC

pHUE

Bam HI

Ampicillin

DM

pHUE/ecRssBN(SHORT)

2369

ecRSSBN(SHORT)

pHUE

Ampicillin

SKS

pET32/ecRssBL332A

2039

ecRSSBL332A

pET32

‐

Ampicillin

DM

pHUE/ecRssBL332A

2128

ecRSSBL332A

pHUE

‐

Ampicillin

DM

pHUE/ecRssBCL332A

2151

ecRssBCL332A

pHUE

‐

Ampicillin

DM

pET32/ecRssBL106N

2752

ecRssBL106N

pET32

‐

Ampicillin

DM

pHUE/ecRssBL106N

2750

ecRssBL106N

pHUE

‐

Ampicillin

DM

pET32/ ecRssBGAAA

2429

ecRSSBGAAA

pET32

Not I

Ampicillin

DM

pET32/ ecRssBRE/AA

2499

ecRSSBRE/AA

pET32

Nco I

Ampicillin

DM

pET32/ ecRssBR117A

2520

ecRSSBR117A

pET32

‐

Ampicillin

DM

pHUE/ ecRssBL36D

2615

ecRSSBL36D

pHUE

Sal I

Ampicillin

DM

pHUE/ ecRssBN(L36D)

2614

ecRSSBNL36D

pHUE

Sal I

Ampicillin

DM

pHUE/ ecRssB(L36N)

2366

ecRSSBL36N

pHUE

Pst I

Ampicillin

DM

pHUE/ ecRssBN(L36N)

2506

ecRSSBNL36N

pHUE

Pst I

Ampicillin

DM

pHUE/ ecRssBL36C

2355

ecRSSBL36C

pET32

Pst I

Ampicillin

DM

pET32/ ecRssBD58K

2470

ecRSSBD58K

pET32

‐

Ampicillin

DM

pHUE/ ecRssBN(D58K)

2493

ecRSSBN(D58K)

pHUE

‐

Ampicillin

DM

pET32/ ecRssBD58K/K108D

2494

ecRSSBD58K/K108D

pET32

‐

Ampicillin

DM

pET32/ ecRssBD58E

2503

ecRSSBD58E

pET32

‐

Ampicillin

DM

pHUE/ ecRssBN(D58E)

2564

ecRSSBN(D58E)

pHUE

‐

Ampicillin

DM

pET32/ ecRssBD58E/K108R

2544

ecRSSBD58E/K108R

pET32

‐

Ampicillin

DM

pET32/ ecRssBK108A

2543

ecRSSBK108A

pET32

‐

Ampicillin

DM

pHUE/ ecRssBN(K108A)

2566

ecRSSBN(K108A)

pHUE

‐

Ampicillin

DM

pET32/ ecRssBK108D

2478

ecRSSBK108D

pET32

Bam HI

Ampicillin

DM

pHUE/ ecRssBN(K108D)

2567

ecRSSBN(K108D)

pHUE

Bam HI

Ampicillin

DM

pET32/ ecRssBK108R

2542

ecRSSBK108R

pET32

‐

Ampicillin

DM
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pET10C/IraD

2146

IRAD

pET10C

Nde I/Not I

Ampicillin

DM

pET10C/IraP

1783

IRAP

pET10C

Nde I/ Not I

Ampicillin

DAD

pET10N/IraM

2147

IRAM

pET10N

Bam HI/Not I

Ampicillin

DM

pETDuet/IraM

2467

IRAM

pETDuet‐1

Bam HI/Hind
III

Ampicillin

DM

pETDuet/ecRssB

2570

ecRSSB

pETDuet‐1

Nde I/Xho I

Ampicillin

DM

pETDuet/IraM/ecRssB

2324

IRAM /ecRSSB

pETDuet‐1

Bam HI/Hind
III &
Nde I/Xho I

Ampicillin

DM

pETDuet/ecRssBN

2575

ecRSSBN

pETDuet‐1

Bam HI

Ampicillin

DM

pETDuet/IraM/ecRssBN

2574

IRAM /ecRSSBN

pETDuet‐1

Bam HI

Ampicillin

DM

pETDuet/ecRssBC

2580

ecRSSBC

pETDuet‐1

Nde I/Xho I

Ampicillin

DM

pETDuet/IraM/ecRssBC

2583

IRAM /ecRSSBC

pETDuet‐1

Bam HI/Hind
III &
Nde I/Xho I

Ampicillin

DM

Thioredoxin (Trx‐) fused RssB was kindly donated by Prof. Regina Hengge (RH)
(Free University, Berlin, Germany). Clones generated are abbreviated by the
individuals initials: Dr. David A. Dougan (DAD), Sukhdeep K. Spall (SKS) and Dimce
Micevski (DM).
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Appendix II
Table 1: Summary of antibodies utilized to assist in the outlined studies

Antigen

Name

Raised in:

Dilution

Diluant

Source

Secondary
antibody

(in 1x TBS‐T)

thrx‐
His6‐
RssB

117‐4

Rabbit

1:1000

3% Blotto

Dougan &
Truscott
(DD/KT)
laboratory

anti‐rabbit
IgG
(1:5000)

σs

116‐4

Rabbit

1:1000

3% Blotto

DD/KT

anti‐rabbit
IgG
(1:5000)

ecClpX

434‐4

Rabbit

1:1000

3% Blotto

DD/KT

anti‐rabbit
IgG
(1:5000)

laboratory

laboratory

Penta‐
His

Penta‐
His

Murine

1:2000

3% BSA

Qiagen

anti‐mouse
IgG
(1:5000)
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Appendix III
Figure 1:
A) Coomassie stained 15% Tris‐glycine buffered SDS‐PAGE gel containing the
degradation of σs in the absence and presence of IMAC purified (i.e Soluble
IraP) and refolded inclusion body IraP‐His10.
B) Quantitation of the above experiments comparing the degradation of σs in
the absence and presence of IMAC and refolded inclusion body IraP‐His10.
A

B
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Appendix III
Figure 1: Coomassie stained 16.5% Tris‐tricine buffered SDS polyacrylamide gel,
comparing the relative purity of IMAC purified and refolded inclusion body IraP‐
His10.
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