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Summary

Summary
Protein quality control systems are essential for the viability and growth of all living
organisms. They protect the cell from irreversible protein aggregation. Because the frequency of
protein misfolding, which ultimately results in protein aggregation, varies with the environmental
conditions, the amount and activity of protein quality systems have to be accurately adapted to the
rate of protein misfolding. The main goal of this thesis was to gain detailed molecular insights into
the transcriptional and post-translational regulation of these protein quality control networks in the
ecologically, medically and industrially important phylum of low GC, Gram-positive bacteria.
In these bacteria the core protein quality control systems are under the transcriptional
control of the global repressor CtsR. In a first study it was demonstrated that the arginine kinase
McsB is not responsible for the regulation of CtsR activity during heat stress, as was concluded by
others on the basis of previous in vitro data. Rather, it was demonstrated that CtsR acts as an
intrinsic thermosensor that adapts its activity to the surrounding temperature. CtsR displays a
decreased DNA binding at higher temperatures, which leads to induction of transcription of the
protein quality control systems under these conditions. This CtsR feature is conserved in all low
GC, Gram-positive bacteria. However, the CtsR proteins of various low GC, Gram-positive species
do not have the same temperature optima. CtsR responds to heat in a species-specific manner
according to their corresponding growth temperature. Detailed analysis revealed that a highly
conserved tetra-glycine loop within the winged helix-turn-helix domain of CtsR is responsible for
thermosensing.
Dual control of CtsR activity during different stresses was demonstrated for the first time in
this work. In addition to heat-dependent de-repression, CtsR is inactivated by thiol-specific stress
conditions. This latter de-repression depends on a molecular redox-switch that is independent of
CtsR auto-regulation. In Bacillus subtilis and its closest relatives the McsA/McsB stress-sensing
complex is responsible for CtsR de-repression during redox stress conditions. McsA is able to sense
the redox state of the cell via its highly conserved cysteine residues. When these cysteines are
reduced, McsA is able to bind and inhibit McsB. But when these cysteine residues are oxidized,
McsB is released from McsA. Thereby, McsB is activated and removes CtsR from the DNA.
However, the McsA/McsB complex is not present in all low GC, Gram-positive bacteria. In the
species lacking this complex, ClpE is able to act as a redox-sensor probably via its highly conserved
N-terminal zinc finger domain. When these cysteine residues are oxidized, ClpE is activated which
results in CtsR de-repression.
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Summary
In addition to the transcriptional regulation of CtsR low GC, Gram-positive protein quality
control systems are regulated post-transcriptionally. The expression of the McsA/McsB adaptor pair
is regulated by CtsR. However, McsB activity is also tightly regulated by three different regulatory
proteins (McsA/ClpC/YwlE). McsB is needed to target specific substrates to ClpC, either for
refolding or degradation by the ClpCP protease. It was demonstrated that only the autophosphorylated form of McsB is able to bind to its substrates. This McsB function is inhibited in
non-stressed cells by a direct interaction with ClpC. Consequently, McsB is activated by a release
from ClpC during protein stress. In addition, McsB activation depends on the presence of its
activator McsA. Accordingly, McsB cannot be activated as an adaptor protein during thiol-specific
stress because McsA is no longer able to bind to McsB under these conditions. However, also active
McsB is subject to post-translational control. Activated McsB is either de-phosphorylated by McaP
or degraded by ClpCP ensuring an appropriate shut-down of the McsB adaptor. Both McaP and
ClpC inhibit McsB activity with different intensities. ClpC possesses a stronger impact on McsB
activity than McaP but both proteins are needed for an adequate silencing of McsB activity. In
addition, it was shown for the first time that B. subtilis McsB is a global adaptor that influences the
stability of multiple proteins.
The B. subtilis ClpC protein is unlike most members of the Hsp100 family because it not
only requires several adaptor proteins for substrate recognition but also for its general ATPdependent activity. Biochemical analysis revealed how ClpC is activated by distinct adaptor
proteins. McsB modulates ClpC activity by regulatory phosphorylation of arginine residues.
Moreover, McaP (formerly YwlE) was identified as an arginine phosphatase that modulates the
McsB mediated ClpC activity. MecA, another known adaptor protein for ClpC, activates ClpC
independently of these arginine phosphorylations, which demonstrates the existence of multiple
pathways for ClpC activation. Therefore, this study presents (i) the first description of a bacterial
arginine phosphatase, (ii) the first arginine phosphorylation with a physiological function, (iii) the
confirmation that McsB acts as an arginine kinase in vivo, and (iv) evidence that ClpC is activated
by multiple, distinct molecular mechanisms.
Altogether, this work provides molecular details of the regulation of the activity of protein
quality control systems in these bacteria. Multiple layers of regulation are used to fully activate
these systems, which guarantees that only damaged or aggregated proteins undergo refolding or
degradation by these chaperone/protease systems. This thesis exploited the recent technical and
methodical developments to obtain a deeper understanding of the fine-tuned regulation of this
essential group of proteins.
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Zusammenfassung

Zusammenfassung
Protein-Qualitäts-Kontrolle ist überlebenswichtig für alle Lebewesen, um die Zellen vor
Schädigung durch Proteinaggregate zu schützen. Die Protein-Denaturierung, welche letztendlich
zur Aggregierung von Proteinen führt, ist abhängig von den vorherrschenden Lebensbedingungen.
Deswegen muss die zelluläre Menge als auch die Aktivität der Protein-Qualitätssysteme akkurat an
die Protein-Denaturierung angepasst werden. Das Ziel dieser Arbeit war ein tiefergehendes
Verständnis der transkriptionellen als auch der post-translationalen Kontrollen der ProteinQualitätssysteme in der medizinisch, ökologisch und biotechnisch wichtigen Klasse der Grampositiven Bakterien mit niedrigem GC-Gehalt zu erlangen.
In

diesen

Bakterien

stehen

die

wichtigsten

Protein-Qualitätssysteme

unter

der

transkriptionellen Kontrolle von CtsR. Es konnte gezeigt werden, dass nicht wie bisher vermutet die
Arginin-Kinase McsB verantwortlich ist für die Regulierung der CtsR-Aktivität bei HitzestressBedingungen. Stattdessen konnte gezeigt werden, dass CtsR ein intrinsischer Hitzesensor ist, der
seine Aktivität der umgebenden Temperatur anpasst. CtsR zeigt unter Hitzestress verminderte
DNA-Bindung, was zu einer erhöhten Transkription der Gene der Protein-Qualitätssysteme führt.
Diese Fähigkeit von CtsR ist konserviert in allen Gram-positiven Bakterien mit niedrigem GCGehalt, jedoch haben die einzelnen CtsR Proteine nicht das gleiche Temperaturoptimum. CtsR hat
sich an die spezifischen Lebensumstände der verschiedenen Spezies angepasst. Des Weiteren
konnten molekulare Details von CtsR charakterisiert werden, die ihn als Temperatursensor
auszeichnen. Eine hochkonservierte Tetra-Glycin Schleife innerhalb der „winged Helix-Turn-Helix
Region“ von CtsR ist dafür offensichtlich verantwortlich.
Zum ersten Mal konnte die zweifache Kontrolle der CtsR Aktivität bei unterschiedlichen
Stressbedingungen beschrieben werden. Zusätzlich zu der hitzeabhängigen Inaktivierung von CtsR
wird dieser auch während Thiol-spezifischen Stressbedingungen inaktiviert. Diese Inaktivierung ist
abhängig von einem molekularen Redox-Schalter, der unabhängig von CtsR ist. In Bacillus subtilis
und seinen nächsten Verwandten ist der Stress-Sensor-Komplex McsA/McsB dafür verantwortlich.
McsA kann über seine hochkonservierten Cysteine den Redoxstatus der Zelle messen. Solange
diese Cysteine reduziert sind, ist McsA in der Lage mit McsB zu interagieren und dadurch McsB zu
inhibieren. Sobald die Cysteine von McsA jedoch oxidiert werden, wird McsB freigegeben.
Dadurch wird McsB aktiviert und kann CtsR von der DNA lösen. Der McsA/McsB Komplex ist
jedoch nicht in allen Gram-positiven Bakterien mit niedrigem GC-Gehalt vorhanden. In diesen
Spezies agiert ClpE mit seinen hochkonservierten N-terminalen Zink-Finger als Redox-Sensor.
Sobald diese Cysteine oxidiert werden, wird ClpE aktiviert um CtsR zu inaktivieren.
7

Zusammenfassung
Zusätzlich zu der transkriptionellen Kontrolle durch CtsR konnte gezeigt werden, dass die
Protein-Qualitätssysteme auch auf ihrer Aktivitätsebene reguliert werden. Der Adaptor-Komplex
McsA/McsB ist durch CtsR auf der Ebene der Transkription reguliert. Allerdings ist die McsB
Aktivität auch durch drei weitere Regulatoren (McsA/ClpC/YwlE) kontrolliert. McsB ist notwendig
um spezifische Substrate an ClpC zu übergeben, entweder für die Renaturierung oder Degradation.
Jedoch ist nur die auto-phosphorylierte Form von McsB in der Lage CtsR zu binden. Diese McsB
Aktivierung ist in nicht gestressten Zellen inhibiert durch eine Interaktion von McsB mit ClpC.
McsB wird aktiviert durch eine Freisetzung von ClpC und der Gegenwart von McsA. Deswegen
kann McsB nicht unter Thiol-spezifischen Stressbedingungen aktivert werden, weil McsA unter
diesen Bedingungen nicht mit McsB interagieren kann. Zusätzlich zur Aktivierung ist auch die DeAktivierung von McsB reguliert. Die aktivierte Form von McsB wird entweder de-phosphoryliert
durch McaP oder umgehend abgebaut durch die ClpCP Protease, wodurch die Abschaltung der
McsB Aktivität gewährleistet wird. Jedoch inhibiert ClpC McsB stärker als McaP. Allerdings sind
beide Proteine notwendig für die komplette Inhibierung von McsB. Außerdem konnte zum ersten
Mal gezeigt werden, das McsB ein globaler Adaptor in B. subtilis ist, welcher die Stabilität von
verschiedenen Proteinen beeinflusst.
ClpC aus B. subtilis stellt eine Ausnahme innerhalb der HSP 100 Familie dar, denn es
braucht spezifische Adaptor Proteine nicht nur für die Substrat Erkennung, sondern auch für seine
allgemeine ATPase Funktion. Erstmals konnten die molekulare Details dieser Adaptor vermittelten
ClpC Aktivierung aufgeklärt werden. Es konnte gezeigt werden, dass ClpC spezifisch durch McsB
vermittelte Phosphorylierungen an Argininen aktiviert wird. Zusätzlich konnte McaP als
modulierende Arginin Phosphatase identifiziert werden, welche die McsB-vermittelte ClpC
Aktivität kontrolliert. Darüber hinaus konnte gezeigt werden, dass ein weiteres Adaptor Protein
namens MecA ClpC unabhängig von diesen Arginin-Phosphorylierungen aktivieren kann, was die
Existenz verschiedener ClpC Aktivierungsmechanismen nahelegt. In dieser Studie konnte (i) die
erste bakterielle Arginin-Phosphatase beschrieben werden, (ii) die ersten funktionelle ArgininPhosphorylierungen identifiziert werden, (iii) gezeigt werden, dass McsB Arginin-Kinase-Aktivität
in vivo besitzt und (iv) dass ClpC durch verschiedene Mechanismen aktiviert werden kann.
Zusammenfassend zeigt diese Arbeit, wie fein abgestimmt die Aktivität der ProteinQualitätssysteme auf verschiedenen Ebenen reguliert ist. Diese Arbeit wurde unter Anwendung der
neuesten methodischen und technischen Entwicklungen ausgeführt, wodurch ein tiefergehendes
Verständnis über die komplexe Regulation dieser essentiellen Proteine erlangt wurde.
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Introduction
1. Protein quality control
The genome is the memory of evolution and represents the blueprint of life. However,
proteins are the players of life and thus active proteins are required for the life cycle of an organism.
Consequently, a functional proteome is essential for the viability and growth of all living
organisms. A network of chaperones and proteases form the protein quality control system that
ensures the optimal functionality of the cellular proteome. These systems guarantee the correct
protein function of a plethora of cellular complexes with a variety of physiological functions. In
general, molecular chaperones promote protein folding and mediate refolding whereas ATPdependent proteases degrade misfolded or aggregated proteins to prevent cell injury when refolding
by molecular chaperones has failed (Hartl & Hayer-Hartl, 2009; Sauer et al, 2004; Wickner et al,
1999) (Fig. 1).

Fig. 1 Overview of the protein quality control system with an emphasis on the decision between
the two alternative strategies to cope with unfolded and aggregated proteins: remodeling by
chaperones (left path) vs. degradation by proteases (right path). (from Wickner et al., 1999)
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1.1. Chaperone systems
A large number of structurally unrelated chaperones has evolved in all three domains of life
(Young et al, 2004), but the general modes of operation are conserved for these systems. All
chaperones recognize hydrophobic residues and/or unstructured backbone regions in proteins.
These structural features are normally buried upon completion of folding but are typically exposed
by non-native proteins. This ensures that only incorrectly folded proteins become targets for
molecular chaperones (Hartl & Hayer-Hartl, 2009).
Certain chaperone systems, such as the trigger factor in bacteria or NAC in eukaryotes,
stabilize nascent polypeptide chains upon de novo folding as they emerge from the ribosome exit
tunnel (Kramer et al, 2009). Chaperones with “holder“ functions, such as the DnaK system (Hsp70)
hold and stabilize unfolded regions or partially folded intermediates in a state that is competent to
prevent misfolding or aggregation of already unfolded proteins (Mayer & Bukau, 1998). In contrast,
large cylindrical chaperonin complexes, such as the ubiquitous GroEL/GroES (Hsp60) or the
Hsp100/Clp AAA+ proteins in bacteria, act as “folder” chaperones by providing physically defined
internal compartments where a protein can fold while it is sequestered from the cytosol (Bukau &
Horwich, 1998; Glover & Lindquist, 1998; Weibezahn et al, 2005).

1.2. ATP-dependent Proteases
Energy-dependent protein degradation is achieved by large cylindrical assemblies with a
common ring-stacking architecture of diverse complexity. This molecular architecture is highly
conserved in all living organisms and operates with similar principles (Fig. 2). It is composed of a
chaperone ring comprising ATPase domains of the AAA+-type (ATPase associated with a variety
of cellular activities) that caps both ends of self-compartmentalised proteases in which the active
sites are located in an internal chamber and thus separated from the cytosol, which prevents
unwanted protein degradation (Sauer et al, 2004; Wickner et al, 1999). Hydrolysis of ATP by the
AAA+ superfamily of proteins is translated into force that unfolds substrates and translocates them
into the proteolytic chamber of the protease subunit, where the peptide bonds are hydrolyzed
(Neuwald et al, 1999; Weber-Ban et al, 1999).
Protein degradation in eukaryotes is performed by the 26S proteasome which is comprised
of a 19S cap particle with six different AAA+ proteins at its base, and a 20S core particle which
contains the proteolytic site (Pickart & Cohen, 2004). However, a 26S proteasome system is not
present in eubacteria, except for the phylum actinobacteria (Darwin, 2009). At least four ATP-
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dependent proteases (Clp, HslUV, Lon and FtsH) have evolved in eubacteria that are distinct from
proteasome but operate by similar principles (Gottesman, 2003).

Fig. 2 Schematic model of the different stages of the protein degradation process. A comparison
is shown of the prokaryotic ClpAP (upper panel) with the eukaryotic 26S proteasome mediated
proteolysis (lower panel). (from Wickner et al., 1999)

2. Low GC, Gram-positive bacteria
The phylum bacilli contains important groups of bacteria, including pathogenic species such
as Staphylococcus aureus, Streptococcus pneumoniae, Clostridium tetani and Listeria
monocytogenes, which represent a major threat for the human health in times of multiple antibiotic
resistance. In addition, several low GC, Gram-positive bacteria are essential for important processes
in biotechnology, these include Lactococcus lactis, Lactobacillus sakeii, Bacillus licheniformis and
B. subtilis. Moreover, many species of this group are important for fundamental ecological
processes.
Therefore, detailed characterization of the regulation of the activity of the protein quality
control in this bacterial group may help to develop new types of antibiotics (Böttcher & Sieber,
2008; Brötz-Oesterhelt et al, 2005; Kirstein et al, 2009a), improve processes in biotechnology
(Brockmeier et al, 2006; Jürgen et al, 2001; Kaparaju et al, 2009) and extend our knowledge of
fundamental ecological systems.
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2.1. Protein quality control systems in low GC, Gram-positive bacteria

2.1.1. Chaperone systems
Several distinct molecular chaperone systems promote folding and refolding of proteins in
low GC, Gram-positive bacteria, but their relative physiological importance differs from other
phyla. The DnaK/J chaperone system and the ribosome-associated trigger factor (TF) are present,
but evidently do not have the importance that they have for Gram-negative bacteria. In these
bacteria, a double knock out of dnaK/tig displays a severe phenotype (Deuerling et al, 2003). In
contrast, these mutations have no impact on the viability of B. subtilis (personal comm. K. Turgay),
which suggest that other chaperones are more important for the maintenance of cellular integrity
and the de novo folding of proteins.
Appealing candidates for this function in low GC, Gram-positive bacteria are the Hsp
100/Clp ATPases. In B. subtilis it was shown that all Clp ATPases co-localize with heat-aggregated
proteins (Krüger et al, 2000; Miethke et al, 2006). In addition, it was demonstrated that B. subtilis
ClpC together with its adaptor protein MecA can disaggregate and refold protein aggregates in vitro
(Schlothauer et al, 2003). Mutation of these Clp ATPases in several low GC, Gram-positive bacteria
resulted in a severe impact on cell physiology, virulence and adaptation to protein stress conditions
(Chastanet et al, 2001; Chatterjee et al, 2005; Frees et al, 2004; Frees et al, 2003; Gerth et al, 1996;
Ingmer et al, 1999; Kajfasz et al, 2009; Krüger et al, 1994; Msadek et al, 1994; Nair et al, 1999;
Nair et al, 2000b; Rouquette et al, 1996). These observations indicate that the Hsp 100/Clp ATPases
also have chaperone activity that is independent of their role in a protease complex (Weber-Ban et
al, 1999; Weibezahn et al, 2004) and are major components of the chaperone network in low GC,
Gram-positive bacteria. Nevertheless, other chaperone systems such as DnaK (Hsp70), GroESL
(Hsp60) or the trigger factor can partially substitute the Clp ATPases under some conditions
(personal comm. N. Mollière).

2.1.2. Clp-protease
As mentioned above, a 26S proteasome system is not present in low GC, Gram-positive
bacteria. Instead alternative ATP-dependent proteases have evolved (Gottesman, 2003). In these
bacteria the ClpP-peptidase is the major protease for general as well as regulated protein turnover
(Frees & Ingmer, 1999; Frees et al, 2007; Gerth et al, 2008; Kock et al, 2004b; Krüger et al, 2000;
Michalik et al, 2009).
12
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The Clp proteases are analogous to the 26S proteasome and are assembled of Hsp 100/Clp
proteins of the AAA+ superfamily and an associated barrel-like proteolytic chamber (Baker &
Sauer, 2006; Gottesman, 2003). The proteolytic chamber is formed by two stacked heptameric rings
of ClpP subunits that are stacked face to face to build a barrel-like structure. The two heptameric
rings form a catalytic cavity wherein the 14 proteolytic active serine residues are enclosed and
thereby shielded from the cytosol (Wang et al, 1997).

2

1

3

6

4
5

4

Fig. 3 Graphical representation of ClpXP or ClpAP complexes containing a hexamer of ClpX or
ClpA ATPase (blue) and the tetradecamer of the ClpP peptidase (green). Top: two views of
those portions of the hexameric Hsp 100/Clp proteins. Bottom: two views of the structure of the
ClpP peptidase. The left view shows the small axial pore that controls entrance to the proteolytic
chamber. The right view is rotated by 90° and several subunits have been removed to allow the
central chamber and several active site catalytic triads (magenta) to be seen (Karzai et al, 2000).
Substrates enter the catalytic cavity through axial pores but the corresponding channel is
only 50 Å in diameter. This channel is too narrow to allow the entry of a folded protein.
Accordingly, ClpP, without auxiliary factors, is only able to degrade small peptides with very
restricted efficiency (Jennings et al, 2008). Hexameric rings of AAA+ proteins of the HSP 100/Clp
family can flank both axial sites of the ClpP complex (Ortega et al, 2004) (Fig. 3). The hexameric
structure of these proteins forms a narrow pore in the middle where the substrate is translocated into
13
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the internal chamber of the ClpP peptidase (Zolkiewski, 2006). Thus, the Hsp 100/Clp proteins
function as a gateway to the protease, because they are required for unfolding and translocation of
the substrate to the proteolytic chamber. Substrate unfolding and threading through the narrow pore
into the proteolytic chamber by the Hsp 100/Clp proteins is ATP-dependent (Neuwald et al, 1999;
Weber-Ban et al, 1999). Once the unfolded polypeptide enters the ClpP proteolytic chamber, it is
rapidly degraded, without further utilisation of ATP, to short peptides of 7–10 amino acids in length
(Thompson et al, 1994).
2.1.3. Physiological function of protein quality control systems
The physiological function of protein quality control systems in low GC, Gram-positive
bacteria lies not only in stress adaptation and general cellular processes, but also in their specific
role in regulated degradation of key regulators of essential cellular and physiological processes that
respond to temporal, spatial or environmental stimuli. Thus, mutations in these protein quality
control genes display a severe impact on cell physiology.
The peptidase ClpP is the proteolytic component of the Clp degradation machinery;
mutational inactivation of clpP leads to a pleiotropic phenotype in all low GC, Gram-positive
bacteria, which demonstrates the extraordinary physiological role of the Clp machinery (Chastanet
et al, 2001; Frees & Ingmer, 1999; Frees et al, 2003; Gaillot et al, 2000; Gerth et al, 1998; Kwon et
al, 2003; Lemos & Burne, 2002; Msadek et al, 1998).
As noted above, ClpP needs a specific Hsp 100/Clp ATPase for protein degradation.
Mutation in these genes also results in a severe phenotype, but to a different extent depending on
the specific physiological function. These Hsp 100/Clp proteins are not only required as a
component of the Clp protease, but also as an independent chaperone (Chastanet et al, 2004; Frees
et al, 2004; Kajfasz et al, 2009; Kwon et al, 2003; Charpentier et al, 2000; Chatterjee et al, 2005;
Frees et al, 2004; Ingmer et al, 1999; Msadek et al, 1994; Nair et al, 1999; Rouquette et al, 1998;
Zhang et al, 2009).
The Clp proteins are the most important protein quality control systems in low GC, Grampositive bacteria (Frees et al, 2007), but other cytosolic systems under CtsR control contribute to the
viability of the cell as well. For example, the chaperone systems DnaK and GroEL are not as
important as they are for Gram-negative bacteria (Deuerling & Bukau, 2004), but they do play a
role in stress adaptation and virulence (Lemos et al, 2001; Qoronfleh et al, 1998; Singh et al, 2007).
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3. CtsR: the master regulator of protein quality control systems in low GC,
Gram-positive bacteria
Protein misfolding occurs in non-stressed cells to a minor extent and protein quality control
systems are needed in non-stressed cells because (i) they are either directly or indirectly mediate
folding of newly synthesized proteins and (ii) they are needed to protect the cell from damage by
protein aggregation. However, a number of environmental stresses, such as heat, oxidative or
extreme pH values cause more extensive damage to protein structure, which leads to protein
aggregation (Hartl & Hayer-Hartl, 2009). Under these conditions protein quality networks are
important for survival during stress (Frees et al, 2007), as well as for virulence of pathogens
(Ingmer & Brøndsted, 2009).
Consequently, the expression of these important protein quality systems is strongly induced
by various stress and infection-related conditions in low GC, Gram-positive bacteria (Chastanet et
al, 2001; Derré et al, 1999a; Frees et al, 2004; Frees & Ingmer, 1999; Gaillot et al, 2000; Gething &
Sambrook, 1992; Gerth et al, 2004; Gerth et al, 1998; Helmann et al, 2001; Krüger et al, 1994;
Lemos & Burne, 2002; Nair et al, 2000a; Varmanen et al, 2000). Clearly, control of the expression
of protein quality systems is an important requirement for stress survival and virulence.

3.1. The CtsR regulon
Although the members of the protein quality network are highly conserved in bacteria, their
regulation differs fundamentally between Gram-negative and low GC, Gram-positive bacteria. In
the Gram-negative model organism E. coli regulation depends mainly on the level of the alternative
transcription factor σ32 (Yura, 1996). On the contrary, in the low GC, Gram-positive model
organism B. subtilis the regulation of protein quality control systems is divided into six different
classes (Schumann, 2004). Although the regulation is not so complex in the other low GC, Grampositive bacteria, heat shock regulation is also divided into different classes. Nevertheless, the core
of the protein quality networks is always under the control of the global repressor CtsR (class three
stress gene repressor), except for the Lactobacillus acidophilus group which lack a ctsR gene in
their genomes (van de Guchte et al, 2006).
Despite the fact that CtsR is the master regulator of protein quality control, the composition
and interplay of the CtsR regulon is very diverse in various bacterial groups. Overlapping control of
CtsR with the other regulators of the protein quality network is very common and can vary within
the different groups (Fig. 4) (Elsholz et al, 2010c). For example, in Bacillus species the
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Fig. 4 Graphical presentation of the distribution of CtsR-regulated proteins for different low GC, Gram+ species and known overlaps with other regulators
such as SigB or HrcA. An arrow indicates specific influence of transcriptional regulator for the expression of the corresponding gene. Proteins whose
expression is solely dependent on CtsR activity are depicted in red, whereas proteins that are dually regulated by CtsR and SigB (green) are shown in blue.
Proteins controlled by CtsR as well as HrcA are presented in grey, and proteins that are regulated only by HrcA are shown in purple. (from Elsholz et al,
2010c)
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CtsR and HrcA regulons are distinct from each other, whereas in Staphylococcus species the entire
HrcA regulon is under additional CtsR control. In contrast, in the order Lactobacillales the HrcA
regulon is only partially under the control of CtsR (Chastanet et al, 2003). A similar distinct overlap
can also be observed for CtsR and the alternative sigma factor σB (Gertz et al, 2000; Krüger et al,
1996).
Nevertheless, a few proteins, which display the essential core of the protein quality control
in these bacteria, are always under the control of CtsR, such as the peptidase ClpP and the important
Hsp 100/Clp protein ClpC, which is co-transcribed with ctsR either in a bi- or tetra-cistronic operon
(Chastanet et al, 2003; Derré et al, 1999b; Varmanen et al, 2000). In addition, not all members of
the protein quality network are conserved in all low GC, Gram-positive bacteria. For example, ClpE
or ClpB are always under the control of CtsR but are not present in all species, that encode a ctsR
gene (Derré et al, 1999a). Moreover, some genes are only partially under the control of CtsR e.g.
dnaK and groEL (Chastanet et al, 2003), ftsH (Fiocco et al, 2008), clpL (Beltramo et al, 2004) and
selected small heat shock proteins (Fiocco et al, 2010; Grandvalet et al, 2005).

3.2. CtsR – a global repressor
CtsR is the first gene of the clpC operon and contains a winged helix-turn-helix (HTH)
DNA binding domain (Fuhrmann et al, 2009; Krüger et al, 1997). CtsR is highly conserved in low
GC, Gram-positive bacteria and recognizes a conserved direct heptanucleotide repeat sequence (A/
GGTCAAANANA/GGTCAAA) in its dimeric form (Derré et al, 1999b; Derré et al, 2000).
However, CtsR is specific to the low GC, Gram-positive bacteria, no homologues were found
neither in Gram-negative bacteria nor the Actinobacteria branch. The 3D-structure of CtsR together
with its DNA operator was solved, it was shown that CtsR is a winged HTH protein in which the
HTH domain binds to the major groove whereas the β-hairpin wing grabs into the minor groove of
the DNA (Fuhrmann et al, 2009).

3.3. CtsR activity – state of the art
At the beginning of this project it was state of the art that CtsR activity depends on a signal
transduction cascade involving the arginine kinase and modulator of CtsR activity McsB. A titration
model was postulated mainly based on in vitro experiments (Fig. 5) and it was hypothesized that in
non-stressed cells the kinase activity of McsB is inhibited by a specific interaction with ClpC;
which may be formed during translation of the clpC operon. However, stress-induced release of
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McsB from ClpC may result from competition with other ClpC adaptor proteins (e.g., MecA and
YpbH) that interact with unfolded proteins and thereby sense protein conformational stress. Then
released McsB is set in motion as a kinase by its activator, the zinc finger protein McsA. In its
activated form McsB is able to remove CtsR from the DNA by direct arginine phosphorylation of
the winged HTH region of CtsR. This process is directly linked to the controlled degradation of
CtsR by the ClpCP protease. In addition, YwlE is the cognate McsB phosphatase and is responsible
for the inactivation of McsB and the resulting CtsR re-repression (Krüger et al, 2001; Kirstein et al,
2005; Fuhrmann et al, 2009). Such a titration model has also been proposed for other heat shock
regulators such as σ32 (Bukau, 1993) and HrcA (Mogk et al, 1997), so it seemed to be an elegant
model for regulation of CtsR activity as well.

Fig. 5 Model for CtsR de-repression and degradation during heat stress in B. subtilis. In nonstressed cells McsB is inhibited by ClpC. Due to the occuring protein aggregates upon heat heat
exposure MecA shows a higher affinity to the N-terminus of ClpC thereby competing and releasing
McsB. Thus, McsB kinase is activated by McsA and can now phosphorylate CtsR, resulting in CtsR
de-repression. Then, CtsR is targeted by McsB to ClpCP dependent degradation because activated
McsB can now outcompete MecA from the N-terminus of ClpC from (Kirstein et al, 2009b).

3.4. CtsR activity during heat stress
However, the aforementioned model for the control of CtsR activity contains some crucial
inconsistencies. The reported phosphorylation of free CtsR by McsB (Fuhrmann et al, 2009)
supports only a transient induction of gene expression, but not a rapid and strong induction within
1–2 min, as was observed for CtsR- dependent transcription during heat stress (Krüger et al, 1994).
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Exclusive phosphorylation of free CtsR would result in slow enhancement of transcription peaking
long after the stress input because inactivation of CtsR would depend on prior dissociation of DNAbound CtsR. In addition, McsB is able to remove CtsR from the DNA in vitro even when nonfunctional as a kinase (Kirstein et al, 2005), questioning the observed stress-dependent
phosphorylation of CtsR. Moreover, McsB, which has been considered to be crucial for heat stress
response in all previous studies in low GC, Gram-positive bacteria is absent from the genome of
some low GC, Gram-positive bacteria (Fig. 6) (Varmanen et al, 2000; Fiocco et al, 2010). However,
CtsR-regulated genes are induced during heat stress in these species as well (Varmanen et al, 2000;
Chastanet et al, 2001), suggesting either a second regulatory pathway or a general McsBindependent mechanism.

Fig. 6 Composition of the clpC operon in different phyla of Gram+ bacteria. Presence or
absence of the two modulators of CtsR activity in the clpC operon among different Gram+
bacteria. McsB, which was identified in B. subtilis as crucial for the regulation of CtsR
activity, is absent in some Gram+ phyla, which raises doubts about the current model.

On the basis of this knowledge, we found that McsB is not required for CtsR inactivation
during heat stress in vivo in all these bacteria (Elsholz et al, 2010a), as would have been expected
from previous in vitro data (Krüger et al, 2001; Fuhrmann et al, 2009). Instead CtsR activity is
controlled in a McsB-independent pathway and is identically regulated in all low GC, Grampositive bacteria (Elsholz et al, 2010a).
This work also showed that DNA-binding activity of CtsR is strictly temperature dependent.
CtsR is able to sense and respond to elevated temperatures by acting as a protein thermometer in all
low GC, Gram-positive bacteria, which adjusts its activity intrinsically to the surrounding
temperatures. CtsR is able to bind to its cognate DNA operator sequence with high affinity under
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control conditions, but DNA binding under heat shock conditions is dramatically reduced.
Furthermore, the CtsR protein is adapted to the ecological niche of the specific low GC, Grampositive bacteria, and thus can respond to the very species-specific heat shock temperatures. This
mechanism secures that the expression of the heat shock response is highly adapted to the
environmental requirements of every distinct species (Elsholz et al, 2010a).
The β hairpin wing with its highly conserved tetra-glycine loop was identified as the crucial
region that is responsible for thermosensing of CtsR in all low GC, Gram-positive bacteria. It has
long been known that glycine residues exhibit great conformational freedom and can adopt a
conformation to a much wider range than the other amino acid. As a result, glycine residues have
more backbone conformational flexibility, which increases the configurational entropy of the
denatured state. Therefore, more free energy is needed to maintain the structural integrity of the
native state. This effect results in a decreased thermostability of the responsible protein domain,
whereby it senses temperature shifts and regulates CtsR activity (Elsholz et al, 2010a).

3.5. CtsR activity during thiol specific stress conditions
It has long been known that CtsR de-repression occurs not only during heat stress but also
during a variety of other stress conditions that alter protein conformation, most notably thiolspecific oxidative stress (Leichert et al, 2003; Mostertz et al, 2004; Nguyen et al, 2009). As long as
a titration model regarding McsB was applicable, the induction mechanism seemed to be clear and
unique because all these stress conditions should result in damage of protein structure which may
lead to protein aggregation (Hartl and Hayer-Hartl, 2009). However, since the observation that CtsR
is an intrinsic heat sensor (Elsholz et al., 2010a), the assumption that a common mechanism for
CtsR inactivation exists for all stress conditions turned out to be obsolete.
We could demonstrate that signal transduction during thiol-dependent stresses is mediated by
different redox-sensing proteins (Fig. 9). In the order of Bacillales McsA is a redox-sensing protein,
which regulates the activity of McsB by the redox-state of its critical thiols. When these thiols are in
a reduced state, McsA is an inhibitor of McsB and as long as McsA interacts with McsB, it prevents
McsB binding and inactivation of DNA bound CtsR. Once these thiols are oxidized, the interaction
with McsB is interrupted and free McsB is no longer inhibited by McsA, resulting in the
inactivation of CtsR. However, the McsB kinase is not involved in CtsR de-repression. In addition,
we presented evidence that the regulatory nano-switch of McsA is located within the second zinc
finger of McsA (Elsholz et al, 2010b).
Yet the oxidative stress sensing complex McsA/B is not present in the order of
Lactobacillales, but we found that CtsR becomes inactivated in these species as well. We showed
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that the Zn-finger protein ClpE is able to sense and respond to oxidative stress, also resulting in
CtsR inactivation. This is only possible because (i) basal clpE expression is slightly elevated in
these bacteria and (ii) the ClpE protein itself is adapted to function as a redox-sensor. As a
consequence, ClpE senses redox changes by its zinc-finger. Once activated, ClpE inactivates CtsR
to induce transcription of the respective genes (Fig. 9) (Elsholz et al, 2010b).
These two mechanisms differ significantly from CtsR inactivation during heat stress
demonstrating for the first time a stress-dependent dual activity control of CtsR. This observation
shows that the expression of protein quality control networks is astonishingly adapted to the diverse
protein stress conditions. This ensures the rapid induction upon heat exposure, which is followed by
a re-repression within 30 minutes (Krüger et al, 1994). In contrast, during thiol-specific stress
conditions, CtsR is de-repressed ony after 15 minutes upon stress input, but on the other hand CtsR
de-repression is constitutive as long as the stress inducer is present in the cell (Elsholz, 2010b).

4. Substrate selection
Degradation of a protein by the Clp protease is very energy consuming. It was demonstrated
that just the translocation of the unfolded substrate into the cavity requires approximately one ATP
molecule per amino acid residue. Furthermore the enzymatic denaturation of the substrate by the
Clp-ATPase requires additional energy, which is dependent on the structural integrity of the protein.
Altogether, the costs for unfolding can reach 500 ATP molecules per protein molecule (Kenniston
et al, 2003). These high costs demonstrate that proteolysis must be very tightly regulated to prevent
the waste of metabolic energy.
In eukaroytes substrate recognition for the 26S proteasome is modulated by a posttranslational modification called poly-ubiquitination (Darwin, 2009). Homologous systems has
evolved for archeae and high GC, Gram-positive bacteria (Hartmann-Petersen & Gordon, 2004;
Humbard et al, 2010). However, an analogous substrate recognition system is not present in low
GC, Gram-positive and Gram-negative bacteria. Therefore, alternative substrate recognition
systems must exists for Clp-dependent proteolysis.

4.1. Substrate recognition mechanisms in bacteria
Substrate recognition by the prokaryotic Clp proteases is only partially understood. Bacterial
proteins contain various recognition sequences, called degrons that allow targeting of the protein for
degradation (Varshavsky, 1991). However, these degron sequences are very diverse and can be
distributed along the whole protein sequence (Erbse et al, 2006; Flynn et al, 2003; Gur & Sauer,
21

Introduction
2008; Keiler et al, 1996; Neher et al, 2003a). To date, no universal degron or recognition
mechanism has been identified for substrate recognition in bacteria.
A degron sequence in a protein is not sufficient for recognition and subsequent degradation,
because this would lead to constant protein degradation. Bacterial proteins are generally not
constitutively degraded. Rather protein degradation in bacteria is sophistically regulated. Proteins
are only degraded when their cellular activity is no longer needed (Gerth et al, 2008; Kock et al,
2004a; Michalik et al, 2009; Pruteanu & Baker, 2009), during general proteolysis to prevent
aggregation (Frees & Ingmer, 1999; Kock et al, 2004b), to induce specific regulatory processes by
degrading regulator proteins (Chai et al, 2010; Jenal, 2009; Nakano et al, 2002; Ogura & Tsukahara,
2010; Pan et al, 2001; Savijoki et al, 2003; Schweder et al, 1996; Turgay et al, 1998) or to adapt the
proteome to ever-changing environment during stress (Sauer et al, 2004).
Consequently, multiple layers of control exist for protein degradation. Several modes of
regulation are known for protein degradation, but no general mechanism was identified. Substrate
recognition can be cobtrolled at the level of the activity of the protein component that recognizes
the substrate, such as the Hsp100/Clp protein or an adaptor protein, because the degron is nothing
more than an interaction site for this component. Recognition could also require an additional
unfolded protein region that is pre-requisite for further unfolding by the Hsp100/Clp protein
(Hoskins & Wickner, 2006), or it could depend upon the availability of the degron. The degron can
be masked in different ways that prevent recognition for degradation. It can be buried in the interior
of the protein structure and thus are only available when the protein is denatured and physiological
inactive (Gur & Sauer, 2008). Alternatively, cleavage of the protein can be required to present the
degron on the protein surface (Chai et al, 2010; Neher et al, 2003a). Finally, the degron can be
masked by interacting proteins in a cellular complex or the degron can be covered by a
physiological ligand (Michalik et al, 2009; Pruteanu et al, 2007).

4.2. Adaptor proteins
Hsp100/Clp proteins are directly involved in substrate recognition. They can either bind
directly to the substrate or the substrates are recruited by a group of otherwise unrelated proteins,
termed adaptor proteins (Fig. 7) (Baker & Sauer, 2006; Kirstein et al, 2009b; Striebel et al, 2009).
These adaptor proteins can diversify or enhance the substrate spectrum of their partner Hsp100/Clp
protein. Accordingly, these adaptor proteins represent an additional level of control for regulation of
protein degradation. To date, only a few bacterial adaptor proteins are known, and most of them
were identified in two bacterial model organisms: Escherichia coli and B. subtilis. However, the
major impact of these few adaptor proteins on protein degradation documents an essential role of
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adaptor proteins in bacterial protein degradation and suggests that many additional, so far
unidentified, adaptor proteins may be present in bacteria (Kirstein et al, 2009b).

Fig. 7 Schematic representation of substrate recognition by the Clp-protease. a) The Hsp100/Clp
protein (depicted in blue) autonomously recognize the degron (Tag) of the substrate. Then the
substrate is unfolded and translocated into the proteolyical chamber of the peptidase (depicted in
yellow), where it is degraded to small peptides. b) Recognition and binding of the substrate to
the Hsp 100/Clp protein (blue) can be assisted by adaptor proteins, which either target the
substrate to the ATPase or enhance the recognition of the substrates by the unfoldase.

Activity of adaptor proteins can be regulated on different levels. Adaptor function can be
controlled on the level of expression, the activity level to recognize and bind substrates can be
regulated either on the level of the substrate, when the degron is blocked or on the level of the
adaptor, which either is also blocked by so called anti-adaptor proteins or requires to be activated by
a stress stimulus. Furthermore the binding of the particular adaptor to the corresponding Hsp
100/Clp protein can be occupied by other adaptors with higher affinity to the Hsp100/Clp binding
site, competing out the first-mentioned adaptor (Kirstein et al, 2009b; Striebel et al, 2009). Taken
together, this wide array of regulation accounts for the specificity of proteolysis and allows a
control and interference at various levels.
23

Introduction

4.2.1. Adaptor proteins in B. subtilis
Only four adaptor proteins are so far identified in the low GC, Gram-positive model
organism B. subtilis. For ClpX YjbH was described as an adaptor protein for the controlled
degradation of Spx (Larsson et al, 2007). However, Spx degradation is also regulated by the redox
state of the critical zinc finger in the NTD of ClpX (Zhang & Zuber, 2007). In addition, three
adaptor proteins have been described for ClpC (Kirstein et al, 2007; Persuh et al, 2002; Schlothauer
et al, 2003; Turgay et al, 1998).
Controlled proteolysis of regulatory proteins by the ClpCP protease is for example important
for competence development, motility, sporulation, biofilm breakdown, inactivation of metabolic
enzymes and heat shock response in B. subtilis (Chai et al, 2010; Gerth et al, 2008; Kirstein et al,
2005; Kock et al, 2004a; Ogura & Tsukahara, 2010; Pan et al, 2001; Turgay et al, 1998; Zellmeier
et al, 2006). ClpC is also the major ATPase component for general proteolysis in B. subtilis (Gerth
et al, 2008). The components of the ClpCP protease are constitutively present in the cell. Therefore,
the activity of the corresponding adaptor proteins have to be tightly controlled to induce proteolytic
driven stress responses or differentiation processes at appropriate times.

4.2.2. Controlled degradation of CtsR
To date, it has been assumed that regulation of CtsR activity depends on the controlled
degradation of CtsR (Kirstein et al, 2005; Krüger et al, 2001) as was demonstrated for other
regulators, such as Spx, SpoIIAB and ComK (Nakano et al, 2002; Pan et al, 2001; Turgay et al,
1998). CtsR is specifically degraded under heat or protein folding stress conditions by the ClpCP
protease (Krüger et al, 2001). For this regulated proteolysis the adaptor complex McsA/McsB is
required (Kirstein et al, 2005) and the adaptor ability of McsB depends on its activity as a kinase in
vitro, explaining why CtsR is only degraded upon stress input. YwlE was described as the cognate
phosphatase for McsB in vitro (Kirstein et al, 2007). In addition, McsB adaptor function is also
involved competence development and stress-dependent protein localization (Kirstein et al, 2009a;
Hahn et al, 2009).

4.3. McsB adaptor – activity control at multiple levels
Here we gained detailed insights into the mechanism of an adaptor mediated proteolytic
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event revealing several regulatory levels of a sophisticated signal transduction mechanism. We were
able to show that the McsB kinase is indispensable for effective degradation of CtsR during heat
stress in vivo, revealing that control of CtsR activity is independent of CtsR proteolysis (Elsholz et
al, 2010a) as was previously anticipated (Krüger et al, 2001; Kirstein et al, 2005). Moreover, CtsR
phosphorylation is not required for CtsR degradation. In contrast, CtsR degradation depends on the
activation of McsB as an adaptor protein by auto-phosphorylation because only phosphorylated
McsB is able to target CtsR (Elsholz et al, 2010a).
Moreover, a sophisticated regulatory two-step mechanism for CtsR degradation was
uncovered (Fig. 9). Heat-activated McsB-P is only able to capture non-functional CtsR species,
which is a first pre-requisite for efficient CtsR degradation. Temperature-dependent activation of
McsB displays a second, indispensable requirement for CtsR degradation (Elsholz et al, 2010a). In
addition, McsB kinase activity is controlled by three distinct regulatory proteins. ClpC and YwlE
are both inhibitors of McsB, whereas McsA is an activator (Elsholz et al, 2011b).
ClpC is the most dominant of these three proteins. When McsB interacts with ClpC its kinase
activity is thereby inhibited. Consequently, activation of McsB upon heat stress is realized via a
release of McsB from ClpC. Only then McsA is able to activate the McsB kinase (Elsholz et al,
2011b). The McsB release is not caused by adaptor proteins as was suggested by previous in vitro
results (Kirstein et al, 2005; Kirstein et al, 2007), in contrast it seems to depend on a so far
unknown intrinsic stress sensing of ClpC (Elsholz et al, 2011b). Furthermore, we could show for
the first time that McsB is not only required as an adaptor protein for the controlled degradation of
CtsR. We were able to detect two proteins, whose stability depends on the McsB kinase and
provided evidences that McsB targets additional substrates. Thus, McsB possesses an important
function in the adaptation to protein stress (Elsholz et al, 2011b) and the results of this project allow
a more detailed characterization of the complete McsB substrates in future studies.
Due to the re-activation of CtsR during heat stress (Krüger et al, 1994) the McsB adaptor must
be turn-off to prevent inadequate degradation of a functional CtsR repressor. This is secured by dephosphorylation of McsB through the low molecular phosphatase YwlE. When this regulatory
process somehow failed, appropriate shut-down of the McsB adaptor is also ensured on the level of
protein stability. Phosphorylated McsB, which is active to target free CtsR, becomes rapidly
degraded by the ClpCP protease, whereas non-phosphorylated and thus inactive McsB is rather
stable. This regulatory switch prevents degradation of re-activated CtsR and showed for the first
time that YwlE is the cognate McsB phosphatase in vivo (Elsholz et al, 2010a).
In Gram-positive bacteria that lack the McsB kinase, ClpEP instead of ClpCP has probably
taken over the regulated degradation of CtsR during heat stress (Elsholz et al, 2010a). Consistent
with this observation is the previous discovery that ClpE unlike ClpC is able to perform ATPase
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activity in the absence of an adaptor such as McsB (Kirstein et al, 2006; Miethke et al, 2006).
Probably, ClpEP degrades CtsR, whereas ClpCP lacking the corresponding heat-shock adaptor
McsB cannot do so. This conclusion is further supported by the observation that, in contrast to B.
subtilis, a L. lactis clpE mutant exhibits a severely thermosensitive phenotype, whereas a L. lactis
clpC mutant is largely unaffected during heat stress (Ingmer et al, 1999), which suggests a more
prominent function of ClpE for heat adaptation in L. lactis (Elsholz et al, 2010a).

5. Adaptor mediated ClpC activity
Mostly, adaptor proteins are not essential for the basic functions of Hsp100/Clp proteins
while they are also fully active in their absence. The B. subtilis ClpC protein is unlike most
members of the Hsp100 family because it is only able to perform its ATP-dependent activities in
the presence of an adaptor protein such as MecA or McsB. These proteins facilitate oligomerization
of ClpC in the presence of ATP leading to an active ClpC/adaptor complex (Fig. 8) (Schlothauer et
al, 2003; Kirstein et al, 2006; Kirstein et al, 2007). Thus, ClpC adaptor proteins have two functions:
(i) they target substrates and (ii) they activate ClpC in unfolding and translocation of the substrate
into the proteolytic chamber.

Fig. 8 A model summarizing the mechanisms of activation through the oligomerization of
the AAA+ protein ClpC by the adaptor protein MecA. (Kirstein et al, 2006).
5.1. McsB dependent arginine phosphorylations are required for ClpC activity
It was previously shown that McsB can induce ClpC activity dependent on its kinase
activity. However, the detailed mechanisms of these processes remained unknown (Kirstein et al,
2007). We were able to show that activation of ClpC by the adaptor protein and kinase McsB
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involves phosphorylation on specific arginine residues of ClpC (R5 and R254) in vitro and in vivo.
Our experiments demonstrate for the first time that arginine phosphorylation and dephosphorylation is a protein modification with biological significance in vivo. This new control
mechanism of the activity of the AAA+ protein ClpC by regulatory phosphorylation on arginines
represents a new layer of activity control for this important cellular Hsp100/Clp protease complex
(Elsholz et al, 2011a).

5.2. YwlE – a modulator of ClpC activity
We could demonstrate that YwlE specifically de-phosphorylates ClpC, thereby modulating
the McsB mediated ClpC activity in vivo, since it negatively controls McsB dependent arginine
phosphorylation of ClpC in B. subtilis cells, which are required for an active ClpC protein.
Therefore, we suggest to rename YwlE to McaP (modulator of CtsR stability and arginine
phosphatase). More importantly, these results also demonstrate that McaP is a specific arginine
phosphatase for McsB in vivo as well as in vitro. To our knowledge, McaP is the first described
bacterial protein arginine phosphatase (Elsholz et al, 2011a) and it appears to be the founding
member of a new class of protein phosphatases acting specifically on arginine residues.

5.3. Distinct ClpC activation mechanisms
The two adaptor proteins MecA and McsB activate ClpC in a similar fashion but show no
significant sequence homology. Because McsB mediated activation of ClpC involves specific
phosphorylation reactions, this mechanism should differ from the corresponding MecA mediated
ClpC activation, since MecA possesses no kinase activity. Indeed, ClpC variants, which cannot be
phosphorylated at these specific arginine residues, can still be activated by MecA for ATPase of
ClpC and degradation by ClpCP in vitro and in vivo. This confirms that MecA appears to use a
different activation mechanism of ClpC than McsB and that this mechanism is independent of the
arginine phosphorylation events at ClpC. Thus, ClpC activation by McsB dependent arginine
phosphorylation is independent from the activation of ClpC by MecA, suggesting different
mechanisms of ClpC activation by distinct regulated adaptor proteins in vivo (Elsholz et al, 2011a).
In summary, this work provides the detailed characterization of how ClpC is activated by
the specific adaptor protein McsB through arginine phosphorylation. For the first time experimental
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validation was provided that unambiguously demonstrate distinct activation mechanisms of ClpC
by the different adaptor proteins.

6. Concluding remarks
This work provides detailed characterization of how various environmental signals are sensed
and integrated via different signal transduction pathways to regulate the activity of the core protein
quality control networks in all low GC, Gram-positive bacteria. We presented distinct posttranslational control mechanisms of different proteins, such as CtsR, McsA, McsB and ClpC. The
presented results will improve our understanding of signal transduction mechanisms for the rapid
cellular adaptation of low GC, Gram-positive bacteria to life-threatening protein stress conditions.
In addition, our data also explain the existing discrepancy of in vitro and in vivo findings for the
regulation of CtsR activity (Fuhrmann et al, 2009; Elsholz et al, 2010a), providing the first
comprehensive understanding of CtsR de-repression during different environmental stresses. All
previous studies assumed that CtsR de-repression is realized by one global function of McsB.
However, McsB is able to perform two different functions with respect to CtsR, depending on its
interaction status with McsA (Elsholz et al, 2010a; Elsholz et al, 2010b). When activated as an
adaptor protein by McsA, McsB can only target non-functional CtsR for degradation by the ClpCP
protease (Elsholz et al, 2010a). However, when McsB is no longer inhibited by McsA, it is able to
remove CtsR from the DNA but can no longer target CtsR to ClpCP dependent degradation due to
the inactive kinase (Elsholz et al, 2010b). Thus, in vitro experiments do not reflect the complex
regulation in vivo because in these approaches McsB exhibits both functions. Hence, our work
adresses these misinterpretations of the in vitro approaches and we present a current model for CtsR
activity based on in vivo experiments (Fig. 9).
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Fig. 9 Graphical presentation of regulation and degradation of CtsR in the different low GC,
Gram+ orders under specific stress conditions. (a) CtsR inactivation and degradation during
heat stress in the order Bacillales. Under control conditions CtsR binds to its DNA operator
and McsB kinase is repressed by binding to ClpC. Elevated temperatures lead to a loss of CtsR
DNA binding. In addition, McsB is released from ClpC and becomes activated as a kinase by
McsA. This activation results in targeting of free CtsR for a ClpCP-mediated proteolysis. (b)
CtsR inactivation and degradation during heat stress in the order Lactobacillales that misses
the two modulators McsA and McsB. Under control conditions CtsR binds to its DNA
operator. Elevated temperatures lead to a loss of CtsR DNA binding and ClpEP- mediated
degradation. (c) CtsR inactivation during oxidative stress conditions in the order Bacillales.
Under control conditions CtsR binds to its DNA operator and McsB kinase is repressed by
binding to ClpC. During oxidative stress critical thiols are oxidized within the oxidative stress
sensor protein McsA. This oxidation disturbs interaction of McsA/McsB and activates a
specific McsB function. Consequently, McsB is now able to bind and inactivate DNA-bound
CtsR, but CtsR cannot be degraded due to the inactive McsB kinase. (d) CtsR inactivation
during oxidative stress in the order Lactobacillales. Under control conditions CtsR binds to its
DNA operator. Oxidative stress leads to oxidation of critical thiols within ClpE. This
oxidation causes an activation of ClpE which is now able to target DNA-bound CtsR (Elsholz
et al, 2010c).
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The Hsp100/Clp protein ClpC of the AAA+ protein family associates with the protease ClpP
to form a protease complex with important functions in the cellular physiology of the low GC,
Gram-positive model organism Bacillus subtilis. In contrast to other Hsp100/Clp proteins,
ClpC activity depends on the assistance of an adaptor protein. Here we report that the
activation of ClpC by the adaptor protein and kinase McsB involves phosphorylation on
specific arginine residues of ClpC in vitro and in vivo. In addition, the arginine phosphatase
McaP (modulator of CtsR stability and arginine phosphatase, formerly YwlE) modulates the
McsB dependent ClpC activity in vivo, since it negatively controls arginine phosphorylation of
ClpC in B. subtilis cells. This new control mechanism of the activity of the AAA+ protein
ClpC by regulatory phosphorylation on arginines represents a new layer of activity control
for this important cellular Hsp100/Clp protease complex. Our results also demonstrate the
biological significance of arginine phosphorylation and the role of the McaP arginine
phosphatase in vivo in B. subtilis.
Introduction:
All living organisms face protein-folding stress, which can result in aggravated protein
misfolding and aggregation the cell has to cope with (1). Two major strategies to protect the cell
from protein aggregation have evolved. Molecular chaperones promote protein folding and mediate
refolding, while ATP-dependent proteases degrade misfolded or aggregated proteins, when
refolding has failed (2, 3). Hsp100/Clp proteins of the AAA+ superfamily are ATP-dependent
chaperones that can in many cases participate in both mechanisms. They can promote ATPdependent unfolding and translocation of substrates into the proteolytic chamber of the associated
ClpP peptidase where the peptide bonds are hydrolyzed (3-5). Another important aspect of these
ATP dependent protease complexes is that they are not only involved in protein quality control but
also in many regulatory processes. Controlled proteolysis of regulatory proteins is for example
important for competence development, motility, sporulation and heat shock response in B. subtilis
(6).
Substrate recognition and binding are essential for both of these functions. Even though
Hsp100/Clp proteins can directly recognize substrates, the substrate recognition is often enabled or
modulated by adaptor proteins, which diversify and enhance the substrate spectra of their cognate
HSP100/Clp chaperone (6, 7). Mostly, adaptor proteins are not essential for the basic functions of
Hsp100/Clp proteins while they are also fully active in their absence. In contrast, ClpC of B. subtilis
is only able to perform its ATP-dependent activities in the presence of an adaptor protein such as
MecA or McsB. These facilitate oligomerization of ClpC in the presence of ATP leading to an
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active ClpC/adaptor complex (8-10). The B. subtilis McsB adaptor protein activates ClpCP and
targets CtsR, the repressor of class III heat shock response for degradation by ClpCP. Its adaptor
properties rely on its kinase activity as demonstrated in vitro (9) as well as in vivo (11).
Interestingly, McsB from Geobacillus stearothermophilus was characterized in vitro as an arginine
kinase (12). The low molecular weight protein tyrosine phosphatase McaP (formerly YwlE) was
described as the cognate McsB phosphatase in vitro (13) and recently McaP phosphatase activity
was linked to the phosphorylation state of McsB in vivo (11, 14, 15). Nevertheless, neither the
occurrence nor the physiological and functional significance of protein modification by arginine
phosphorylation have yet been demonstrated in vivo.
Here we report that ClpC is modified by phosphorylation at specific arginines through McsB
in vivo. These phosphorylations modulate the McsB dependent activation of ClpC both in vitro and
in vivo. In addition our results also suggest that McaP (formerly YwlE) acts as an arginine
phosphatase in vivo, generally influencing McsB kinase dependent processes, such as stress
response or competence development (11, 14, 15). We could demonstrate that McaP specifically
de-phosphorylates ClpC thereby regulating the McsB mediated ClpC activity. Moreover, this ClpC
activation pathway is independent from the activation of ClpC by MecA, suggesting different
mechanisms of ClpC activation by distinct regulated adaptor proteins.
Results & Discussion:
The main goal of this work was to gain a better understanding of the physiological role of
arginine phosphorylations in B. subtilis. Recent data strongly suggested that this new kind of
protein modification takes place and is mediated by the McsB kinase together with its activator
McsA and is antagonized by the corresponding phosphatase McaP (YwlE) (9, 11, 13-16). It was
reported that an active McsB kinase is essential for the McsB mediated activation of ClpC in vitro
and in vivo, but the molecular mechanism remained unclear (9, 11, 13). Therefore we wanted to
investigate, whether a direct phosphorylation of ClpC by McsB, which we observed in vitro (13), is
involved and may be important for the adaptor activity of McsB.
To analyze the phosphorylation status of ClpC in vivo, we utilized a recently developed in
vivo system to isolate Strep-tagged ClpC, which was expressed from the native chromosomal
promoters (11). To identify and locate the respective phosphorylated amino acid residues in the
isolated Strep-tagged ClpC we used a mass-spectrometry based approach. Trypsin digested ClpC
underwent phospho-peptide enrichment by titanium dioxide (TiO2) chromatography (17) and
peptides were afterwards analyzed by nanoHPLC coupled to an ESI-mass spectrometer. However,
we were not able to detect any phosphorylations at ClpC under all tested conditions with ClpC
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isolated form the wild type strain (Fig. 1). Taking advantage of the observation that McaP is a
putative arginine phosphatase counteracting the McsB kinase activity (9, 11, 13), we examined a B.
subtilis strain lacking the putative arginine phosphatase. When we analyzed ClpC from cells lacking
mcaP, we were able to detect five different phosphorylation sites in ClpC in vivo (R5, R96, R254,
R380 and R443). Importantly, all of these modifications were exclusively found on arginine
residues (Fig. 1). To examine whether these phosphorylations depend on the presence of McsB in
vivo, we also analyzed ClpC from an mcaP/mcsB double mutant strain. In fact, no phosphorylations
were found at ClpC in this strain (Fig. 1 & 5).
To confirm that the identified phosphorylation events at specific arginines on ClpC resulted
directly from the kinase activity of McsB, we used an established in vitro phosphorylation assay
(13) followed by the MS analysis. When purified ClpC was incubated with McsB and its activator
McsA, we were subsequently able to detect the in vivo determined phospho-sites for ClpC as well
as additional phosphorylation-sites, which were only identified in vitro (Fig. S1 and data not
shown). We failed to detect any of these phosphorylation-sites in ClpC when McaP was added to
the assay. These observations strongly suggest that McsB indeed acts as an arginine kinase in vivo,
as was already demonstrated in vitro (12). More importantly, these results also demonstrate that
McaP is a specific arginine phosphatase for McsB in vivo as well as in vitro.
An in vivo interaction of the McaP phosphatase with its substrates would be a prerequisite
for the McaP mediated de-phosphorylation of McsB and ClpC. To assess this assumption we
constructed an mcaP gene that encodes an additional C-terminal strep-tag and is controlled by its
wild-type promoters. The association of McaP with its putative substrate proteins was examined by
in vivo cross-linking experiments (18) with subsequent purification and Western-Blot analysis of
the isolated McaP complexes from a wt a clpC, mcsB or ctsR mutant background since ClpC, McsB
and CtsR were previously identified as McaP substrates in vitro (Kirstein et al, 2005). Using this
approach we found that McaP was able to form complexes directly with ClpC, McsB and CtsR in
vivo (Fig. 2), emphasizing the functional interaction of the phosphatase McaP with these proteins in
vivo.
As mentioned above, the McsB kinase activity is essential for the McsB mediated activation
of ClpC in vitro (9). The observed McsB dependent ClpC modifications suggest a direct or indirect
involvement in the facilitation of the oligomerization and induction of the ClpC ATPase. To test
this hypothesis, we substituted the corresponding arginine residues of ClpC to lysine and measured
the ATPase activity of the different ClpC variants in vitro (Fig. 3A+B). As expected, all ClpC
substitution proteins showed very low ATPase activity in the absence of an adaptor protein (data
not shown). When McsA and McsB were added to the assay, the ATPase activity of wild-type ClpC
was fully induced as reported previously (9). This was also observed for two of the ClpC point
114

Arginine phosphorylation of ClpC in Bacillus subtilis – a new layer of activity control
mutants (R96K and R380K) implying that phosphorylation of these arginines is not essential for the
McsB mediated activation of ClpC. However, for the two other ClpCR5K and ClpCR245K variants
dramatic changes were detected when compared with wild-type ClpC (Fig. 3A). The ATPase
activity of ClpCR254K was not induced in the presence of McsA and McsB. This arginine residue is
located directly within the first ATPase site between the Walker A and B motif. Additionally,
ClpCR5K showed only a marginally induced ATPase activity when incubated with McsA and McsB.
Arginine residue 5 is located right at the N-terminus of ClpC where both adaptor proteins MecA
and McsB interact with ClpC (9, 10). These observations suggest that McsB-dependent arginine
phosphorylations at ClpC are required for the McsB mediated activity of ClpC in vitro.
The two adaptor proteins MecA and McsB activate ClpC in a similar fashion but show no
significant sequence homology (9). If McsB mediated activation of ClpC involves specific
phosphorylation reactions, then this mechanism should differ from the corresponding MecA
mediated ClpC activation, since MecA possesses no kinase activity. Therefore, we analyzed the
different ClpC substitution mutants for MecA dependent activation. As expected, the two ClpC
variants (R96K and R380K), which were activated by McsA/B, displayed no differences to wild
type ClpC with regard to the activation by MecA. Interestingly, the two ClpC substitution mutants
(R5K and R254K), which showed no or very weak McsB mediated ClpC activity were activated by
MecA (Fig. 3B). ClpCR254K exhibited a similar MecA dependent activity when compared with wildtype ClpC. Interestingly, ClpCR5K displayed a slightly lower ATPase activity when incubated with
MecA, which interacts with the N-terminal domain of ClpC (9, 10). This could explain the rather
weak impairment of the MecA dependent ATPase by an amino acid change in the N-terminus of
ClpC. Nevertheless, the ATPase activity of ClpCR5K is evidently higher with MecA than with McsB
(Fig. 3). These findings indicate that ClpC activity is regulated by at least two distinct mechanisms,
which dependent either on MecA or McsB. And the McsB mediated activation of ClpC involves the
phosphorylation of specific ClpC arginine residues (R5 and R254).
To verify these results, we further analyzed MecA and McsB-dependent ClpC activity in
vitro and in vivo. First we performed in vitro degradation experiments of MecA and McsB with the
two ClpC variants (Fig. 3+D). In the absence of a substrate active adaptor proteins such as MecA or
McsB are rapidly degraded in vitro by the ClpCP protease. This proteolysis requires an appropriate
activation of ClpC by the corresponding adaptor. As expected, both ClpC variants (ClpCR5K and
ClpCR254K) are activated by MecA resulting in a wild-type like degradation of MecA (Fig. 3C). In
contrast, neither ClpCR5K nor ClpCR254K ATPase activity was induced by McsB (Fig. 3A).
Accordingly, McsB was not degraded by these ClpC variants in vitro as was demonstrated for wildtype ClpC (Fig. 3D).
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To evaluate these results in vivo, we constructed B. subtilis strains where ClpCR5K and R254K
variants replaced the wt ClpC protein (11) and investigated the stability of known substrates for the
MecA or McsB adaptor in these mutants. CtsR, the master regulator of protein quality control in B.
subtilis, is rapidly degraded upon heat exposure (16). This regulated proteolysis event depends on
the adaptor McsB and its ability to auto-phosphorylate (9, 11).
When we analyzed the CtsR stability during heat stress, we observed that CtsR was not
degraded anymore in the two ClpC substitution mutants in vivo (Fig. 4A+B). This finding indicates
that when these specific arginine residues are substituted in vivo, McsB cannot modify these ClpC
variants by phosphorylation at R5 or R254 and in vivo CtsR is not degraded. This observation is
consistent with our in vitro results (Fig 3). A recent publication demonstrated that CtsR degradation
is uncoupled from heat induced CtsR de-repression (Elsholz et al, 2010). Consistent with these
results, we observed that CtsR de-repression was not influenced by the two amino acid substitutions
in ClpC in vivo (Fig. S2).
To further investigate these ClpC variants we examined the general phenotype of these
mutants. It has long been known that a clpC deletion displays a pleiotrophic phenotype (19, 20).
However, none of the phenotypical changes of a clpC deletion such as elongated cell chain,
impaired stress tolerance and growth were observed for the two ClpCR5K and ClpCR254K point
mutations, implying that ClpC can still be activated by other adaptor proteins resulting in a normal,
McsB independent ClpC function (data not shown).
It is well established that under standard growth conditions ComK, the master regulator of
competence development, is constantly targeted by the adaptor protein MecA for degradation by
ClpCP (21). We investigated the ComK stability in the two clpC mutants (R5K and R254K) and
observed that, consistent with our previous in vitro results, ComK was degraded in these ClpC
substitution mutants comparable to the wild-type situation (Fig. 4C). This demonstrates that the
MecA dependent ClpCP degradation by these ClpC variants can also be observed in vivo.
Consequently, the inhibition of ComK dependent transcription, mediated by ClpCP/MecA
dependent proteolysis (21) was also not influenced by the R5K and R254K substitutions in ClpC
(Fig. 4D).
In summary, the ClpCR5K and ClpCR254Kvariants, which cannot be phosphorylated at these
specific arginine residues, can still be activated by MecA for ATPase of ClpC and degradation by
ClpCP in vitro (Fig 3D) and in vivo (Fig 4CD). This confirms that MecA appears to use a different
activation mechanism of ClpC and that this mechanism is independent of the arginine
phosphorylation events at ClpC.
Our in vitro observations that the specific arginine phosphorylations of ClpC only affect the
McsB and not the MecA dependent activation of ClpC, were thereby confirmed in vivo. Strains
116

Arginine phosphorylation of ClpC in Bacillus subtilis – a new layer of activity control
carrying these specific clpC substitution mutations were only impaired in the heat induced
degradation of CtsR which depends on ClpC activation by McsB but not in the regulation of
competence development, which is controlled by regulatory proteolysis of the transcription factor
ComK by MecA/ClpCP mediated proteolysis (21). This also demonstrates the specific impact of
arginine phosphorylation on the in vivo degradation of CtsR and the specific activation of ClpC by
McsB.
The simplest interpretation of the data so far is that the McsB dependent phosphorylations at
ClpC are directly involved in facilitating the oligomerization and induction of the ClpC ATPase.
However, another explanation of the observed phenotype could be that the interaction of McsB with
ClpC is disturbed by these substitutions. To rule-out that the obtained results depend on such a
diminished in vivo interaction of McsB to ClpC we performed interaction studies with McsB. We
analyzed McsB interaction with ClpC by reversibly cross-linking (18) followed by affinity
purification of McsB. Both ClpCR5L and ClpCR254L interact with McsB comparable to wild-type
ClpC in vivo (Fig. S3). Previous results demonstrated that McsB directly interacts with ClpC (13),
therefore this observation strongly suggests that substitution of these arginine residues does not
influence the McsB/ClpC interaction.
It was previously reported that ClpC could inhibit the McsB kinase in vitro (13). In fact,
both R5K and R254K ClpC point mutants inhibited McsB kinase in vitro in a similar manner as the
ClpC WT protein (Fig. S4). As previously reported (13), the ClpC variants are also phosphorylated
by McsB, but with different intensities. ClpCR5K displayed a generally more decreased level of
McsB dependent phosphorylation (Fig. S4). This observation implies that R5 may be the first
residue to get phosphorylated by McsB and further phosphorylation of the other arginines is
facilitated by this initial phosphorylation event. Interestingly it was already demonstrated that the
NTD of ClpC, where R5 is located, is the major interaction site for McsB (9). However, ClpCR5K
phosphorylation is only decreased and not completely abolished (Fig. 5B) and we also detected
different arginine phosphorylations for ClpCR5K with our qualitative MS approach (data not shown).
Altogether, our results suggest that arginine phosphorylation of ClpC by McsB is necessary for the
McsB mediated oligomerization and induction of ClpC ATPase.
To investigate whether the phosphorylations of ClpC are also subject to regulation, we
analyzed the phosphorylation status of ClpC by 2D PAGE. Consistent with our mass-spectrometry
data (Fig 1), ClpC displayed up to 5 additional spots of ClpC in an mcaP deletion when compared
with the wild type, depicting the different phosphorylated forms of ClpC (Fig. 5A). These
additional ClpC spots were not found in an mcaP/mcsB double mutant suggesting that their
appearance is dependent on McsB and most probably represents McsB mediated ClpC
phosphorylations (Fig. 5B).
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Interestingly, in an mcaP deletion strain the phosphorylation pattern of ClpC was detected
even under control conditions (Fig. 1 + 5A), indicating a constitutive activity of McsB to
phosphorylate ClpC. This suggests that in the wild type these post-translational events are only
antagonized by the presence of the McaP phospatase. This constitutive phosphorylation of ClpC is
different to the course of McsB phosphorylations, which are only induced upon heat exposure, even
in an mcaP mutant (11). This indicates that McaP controls the phosphorylation state of ClpC in the
wild type, thereby modulating the McsB mediated ClpC acitivity in vivo. Recent in vitro
observations, demonstrating that in the presence of active McaP McsB is no longer able to activate
ClpC (9), corroborate these findings.
The McaP phosphatase activity also explains why we were only able to detect these ClpC
phosphorylations in an mcaP deletion, because in this strain the phosphorylation of ClpC is not
antagonized by McaP. Nevertheless, our in vivo and in vitro results demonstrate that these arginine
phosphorylations of ClpC at R5 and R254 are important for McsB mediated ClpC activity in the
wild type strain (Fig. 4A). Therefore, the ClpC phosphorylations are likely to occur in the wildtype, but with a decreased frequency compared to an mcaP mutant. Because of that low abundance,
our method was not sensitive enough to detect the ClpC phosphorylations also in the wild type.
To date, nothing is known about regulation of McaP activity, but interestingly McaP bears a
conserved cysteine residue in its reactive center which regulates activity of eukaryotic PTP`s (22).
McaP displays homology to low molecular weight protein tyrosine phosphatases (LMWPTP) both
in a sequence alignment (23) and on the protein structure level (24). In addition, McaP was also
reported to de-phosphorylate tyrosine residues in vitro, but with rather low activity (23). Here we
could clearly demonstrate that McaP specifically de-phosphorylates arginine residues in vivo as
well as in vitro. To our knowledge, McaP is the first described bacterial protein arginine
phosphatase. To date, this type of protein phosphatase was only characterized in eukaryotes and its
activity was only shown in vitro for specific model substrates (25, 26). Consequently, McaP is the
first arginine phosphatase where a specific regulatory arginine phosphorylation site and a
physiological function could be determined in vivo.
Our results indicate a new layer of control for the general proteolysis of McsB dependent
substrates. First, McsB can target its substrates for degradation by ClpCP only when autophosphorylated, which is strictly heat-dependently regulated (11). For this activity ClpC has to be
activated by McsB. The concurrent McsB dependent arginine phosphorylations of ClpC are
necessary for this process and are controlled and modulated by the phosphatase McaP. Interestingly,
this post-translational control by McaP is not heat-dependent.
We suggest that upon translation McsB directly interacts with ClpC. Thereby, ClpC is
phosphorylated and McsB activity is inhibited (13). These ClpC phosphorylations are modulated by
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McaP, which thereby secures an appropriate level of McsB-mediated ClpC activity. Upon heatexposure, McsB is activated as an adaptor protein, which enables it to target substrates for
degradation by ClpCP (11).
We could demonstrate that McsB dependent phosphorylation of R5 and/or R254 at ClpC
activates ClpC, possibly by assisting the oligomerzation of the active ClpC hexamer. Interestingly,
the arginine residue 254 is located in the first of two AAA+ domains of ClpC and might modulate
ATP dependent conformational changes. However, the exact molecular mechanism for this activity
remains unclear and is under further investigation. The modification of R5 in the N-terminal
domain by phosphorylation could be a direct result of the interaction of the McsB kinase with the
NTD of ClpC. We also detected three additional ClpC arginine phosphorylation sites in vivo which
are not involved in the McsB mediated ClpC activity. These modified arginines could have
additional functions in modulating ClpC activity. For example, different arginine residues are
known to be essential for the unfolding and translocation of substrates for ClpA and these arginines
are also conserved in ClpC (27). So one could speculate that phosphorylation of these arginine
residues by McsB could also influence or modulate ClpC activity by a so far unknown mechanism.
The regulatory and signaling potential of reversible protein phosphorylation has long been
known (28). It is known that AAA+ proteins can be modulated in their activity by phosphorylations
e.g. the AAA+ protein p97 at tyrosines and serines (29). However, controlling the general activity
of the AAA+ protein ClpC by phosphorylation at specific arginine residues represents a new layer
of regulation.
Here we have gained new insights into how ClpC is activated by different adaptor proteins
in vivo. We demonstrate that regulatory arginine phosphorylation at R5 and R254 is involved in the
activation of ClpC by McsB. This modification is controlled or modulated by the newly identified
arginine phosphatase McaP, which is able to de-phosphorylate ClpC. Our experiments demonstrates
for the first time that arginine phosphorylation and de-phosphorylation is a protein modification
with significant impact on the regulatory proteolysis of a transcription factor in vivo. These results
will help to understand the complex regulation of the AAA+ protein ClpC, which is involved in
general as well as regulatory proteolysis in B. subtilis.
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Material and Methods:
General Methods
Strains and primers used in this study are listed in table S1 and S2. B. subtilis was grown in
liquid media or on LB agar plates with tetracycline (17 µg/ml), spectinomycin (200 µg/ml),
kanamycin (5 µg/ml) or chloramphenicol (5 µg/ml). E. coli DH5α (Invitrogen) was used for cloning
experiments. DNA manipulation and other molecular biological procedures were carried out
according to standard protocols. Transformation of B. subtilis cells was performed by a two step
protocol (30). Site-directed mutagenesis was conducted according to (11) and PCR was performed
using primers with the desired nucleotide substitution following the instructions of the manufacturer
(Gene Tailor System, Invitrogen).
Proteins were purified after over-expression from Escherichia coli BL21(DE3)pLysS as
described (11). However, ClpCR443K over-expression and affinity chromatography result in an
insufficient amount for biochemical approaches. To date, the reasons for this observation are
unknown and under further investigation. Accordingly, we analyzed the remaining arginine
residues. Protein purification from B. subtilis was performed as described (31). Experiments on the
stability of proteins in vivo were performed according to (11). 2D-PAGE was performed as
described previously (32). Co-immunprecipitation and Western-Blot analysis of McsB, ClpC and
ComK was performed as described previously (13). To assay cellular β-galactosidase levels, cells
were grown in competence media (33) over-night and inoculated to an OD600 to 0.08 and samples
were taken at hourly intervals. Preparation of the samples and determination of LacZ activity were
done as described earlier (34). For the determination of the in vitro ATPase activity, a colorimetric
assay was used according to a described protocol (35). In vitro degradations were performed as
described (10) with protein concentrations of 1µM. Phosphoenolpyruvate (PEP) and ATP were
purchased from Roche. Phosphorylation of proteins in vitro was done according to (13).
Phosphopeptide enrichment was performed according to (17) and protein digestion and
identification of phosphate containing peptides were obtained as in (36).

Figure legend:
Figure 1: ClpC is a substrate for the McsB kinase/McaP phosphatase.
ClpC was extracted from different mutants either from unstressed cells and cells that were exposed
to 50°C for 10 or 30 minutes. After affinity purification, ClpC was trypsin digested, the phospo120

Arginine phosphorylation of ClpC in Bacillus subtilis – a new layer of activity control
peptides were enriched and analyzed by mass-spectrometry. The panels show the MS/MS spectra
for five arginine-phosphorylated peptides of ClpC. ClpC was phosphorylated on R5, R96, R254,
R380 and R443 residues. The b- and y-ions are highlighted and the peptide sequences are indicated.
The amino acids which were identified by mass spectrometric analysis are displayed in colored,
bold letters. The upper sequence corresponds to the b- and the lower sequence to the y- ions.

Figure 2: McaP directly interacts with ClpC, McsB and CtsR.
Western-Blot analysis with McaP purification in different mutants. Cells were treated with 0.4% pformaldehyde at an OD540 0.4 for 20 minutes to reversibly cross-link the proteins. Then, McaP and
cross-linked interaction partners were isolated by affinity chromatography. Afterwards, McaP and
co-purified interaction partners were detected by Western-Blot analysis using antibodies against
McaP, ClpC, McsB or CtsR.
Figure 3: Phosphorylated ClpC is essential for McsB- but not for MecA mediated activity.
(A+B) ATPase activity of ClpC. The ATPase rate of ClpC and the different ClpC variants was
determined in the presence of (A) McsA and McsB or (B) MecA. (C) In vitro degradation of MecA
by ClpC and indicated mutant variants. The assay was carried out in the presence of MecA, ClpP
and indicated mutant variants of ClpC as described above. Coomassie-stained MecA protein is
depicted. (D) In vitro degradation of McsB by ClpC and indicated mutant variants. The assay was
carried out in the presence of pyruvate kinase (20 ng/ml), 2 mM PEP and 2 mM ATP with McsA,
McsB, ClpP and indicated mutant variants of ClpC (all 1 µM) as indicated in the figure. Samples
were taken at the indicated time points, separated on SDS–PAGE and Coomassie-stained McsB
protein is depicted.
Figure 4: Impact of ClpC-phospho-sites in vivo on McsB or MecA mediated ClpC-activity.
(A) Pulse-chase labeling and immuno-precipitation of CtsR after heat stress in B. subtilis wild type,
clpCR5K or clpCR254K mutant cells. (B) Quantification of CtsR stability in vivo after heat stress in
WT and clpCR5K or clpCR254K mutant cells (see Fig. 4A). (C) Stability of ComK in B. subtilis wildtype and different mutants. Western-Blot analysis of ComK showing that ComK only accumulates
in a clpC mutant, whereas ComK is wild-type like degraded in the clpCR5K and clpCR254K mutant
cells. (D) ComK activity was monitored by a comG-lacZ fusion. Expression of comG is influenced
by the cellular amount of ComK. Enhanced comG-expression in a clpC mutant shows that ComK is
not degraded as was observed for the wild-type, clpCR5K or clpCR254K mutant cells.
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Figure 5: McaP is a regulatory phosphatase for the McsB dependent ClpC activity
(A+B) 2D analysis of ClpC extracted from different mutant strains. Coomassie stained 2D gels after
ClpC purification from the wild-type and mcaP knock out mutant (A) or in a mcaP /mcsB double
knock out mutant (B).
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Activity control of the ClpC adaptor McsB in Bacillus subtilis
Elsholz, A.K.W., Hempel, K., Michalik S, Gronau, K., Becher, D., Hecker, M and Gerth, U.
Institute of Microbiology, Ernst-Moritz-Arndt-University Greifswald, F.-L.-Jahnstr. 15, D-17487
Greifswald, Germany.
Controlled protein degradation is an important cellular reaction for a fast and efficient
adaptation of bacteria to the ever-changing environmental conditions. In the low GC, Grampositive model organism Bacillus subtilis the AAA+ protein ClpC requires specific adaptor
proteins not only for substrate recognition but also for chaperone activity. The McsB adaptor
is particularly activated during heat stress allowing controlled degradation of the CtsR
repressor by the ClpCP protease. Here we report how the McsB adaptor gets activated by
auto-phosphorylations on specific arginine residues during heat stress. In non-stressed cells
McsB activity is inhibited by ClpC as well as YwlE. Moreover, a global role for McsB in
general protein degradation is suggested.
Protein degradation is one major task of the cellular protein quality control networks which
ensures viability and survival of all living organisms. Damaged protein structures which may lead
to protein aggregation can also occur under normal conditions, but are dramatically increased
during a variety of stress conditions (17). These protein aggregates are not only unable to fulfill
their physiological function, but can also have lethal consequences for the cell. To protect the cell,
these irreversibly damaged complexes must be removed through energy dependent protein
degradation when refolding of misfolded or aggregated proteins by the chaperone networks failed
(7, 32, 40).
Energy-dependent protein degradation is achieved by large cylindrical assemblies with a
common ring-stocking architecture of diverse complexity and this architecture is highly conserved
in all living organisms. In eubacteria including the low GC, Gram-positive model organism Bacillus
subtilis different types of ATP dependent proteases with a conserved principle have evolved (15).
For example, the Clp protease complex is formed by an associated barrel like structure of two
stacked heptameric rings of Clp homomers which built up a catalytic cavity, wherein the 14 active
proteolytic sites are separated from the cytosol (38). Hexameric rings of AAA+ ATPases of the
Clp/Hsp100 family flank the ends of the ClpP chamber thereby acting as a gateway to the
proteolytic cavity (34).
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Hsp100/Clp proteins are not only responsible for ATP dependent unfolding and
translocation of the substrates, but also for substrate recognition (39), which prevents unwanted
protein degradation of functional proteins. In many cases, Hsp100/Clp proteins are aided by so
called adaptor proteins which bind both AAA+ protein and substrate simultaneously, thereby
expanding the substrate spectrum of their cognate AAA+ protein (20). Nevertheless, most of the
HSP100/Clp proteins are also active independently of an adaptor protein. In contrast, B. subtilis
ClpC needs specific adaptor proteins not only for substrate recognition but also for its ATPase
activity (19, 21). Therefore, regulation of these adaptor proteins is important for controlled
degradation by the ClpCP protease.
The McsB adaptor is an arginine kinase (12) which is essential for the regulated proteolysis
of the global heat shock regulator CtsR during heat stress (19, 23). Adaptor activity depends on an
active McsB kinase (9, 19), that is counteracted by the YwlE phosphatase in vivo (9). Here we show
how McsB is specifically activated as kinase during heat stress. Additionally, we demonstrate that
the McsB kinase is inhibited by ClpC and YwlE, a small phosphatase. Upon heat exposure, the
McsB/ClpC interaction is dramatically decreased resulting in an activation of the McsB kinase.
Furthermore, we assume a role of the McsB adaptor in general protein turnover.

Materials and Methods:
General Methods
Strains and primers used in this study are listed in table S1 and S2. B. subtilis was grown in
liquid media or on LB agar plates with tetracycline (17 µg/ml), spectinomycin (200 µg/ml),
kanamycin (5 µg/ml) or chloramphenicol (5 µg/ml).
DNA manipulation and other molecular biological procedures were carried out according to
standard protocols. Transformation of B. subtilis cells was performed by a two step protocol (Hoch,
1991). Site-directed mutagenesis was conducted using a plasmid as template containing the
modified clpC operon. PCR was performed using primers with the desired nucleotide substitution
following the instructions of the manufacturer (Gene Tailor System, Invitrogen).
Culture Conditions
B. subtilis 168 and the corresponding mutants were inoculated from an exponentially
growing overnight culture to an OD500 of 0.08 and routinely grown in synthetic medium (36) in
500ml Erlenmeyer flasks in a shaking water bath at 180 r.p.m. and 37°C until mid-exponential
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phase (optical density at 500 nm 0.5) and then shifted to a pre-warmed Erlenmeyer flask in a water
bath with 50°C for heat stress experiments.
Experiments on the stability of Proteins in vivo
Experiments for B. subtilis were conducted as described previously (14) with the following
modifications. Cells were grown in minimal medium until an OD500 of 0.5, transferred to an
Erlenmeyer flask at 50°C if stated, immediately radioactively labeled with 35S methionine for 5`and
then chased with a more thousand-fold excess of cold L-methionine. A polyclonal B. subtilis CtsR
antibody was used for immunoprecipitation.
RNA isolation and Northern Blots
Samples were taken from non-stressed cultures immediately before the shift to 50°C and at
different time points during heat exposure. For RNA extraction, cell pellets were resuspended with
0.5 volumes of ice-cold killing buffer (20 mM Tris-HCl, 5 mM MgCl2, 20 mM NaN3). All samples
were immediately cooled with liquid nitrogen, spun down at 10.000xg for 8 min at 4°C and stored
in liquid nitrogen until further preparation. RNA-isolation and Northern blot analysis were
performed as described previously (31). Each RNA blot was stained with methylene blue prior to
hybridization in order to check RNA quality and ensure that equal amounts of RNA were loaded
and blotted for each lane. Digoxigenin-labeled anti-sense RNA probes were used for clpE and clpP
mRNAs (13).
Protein purification.
Cells were grown until mid-exponential phase and either heat shocked or not. Prior to cell
sampling, proteins were cross-linked according to Herzberg et al. (18), harvested for 10 minutes at
15.000 x g. Harvested cells were resuspended in ice-cold buffer W (100 mM Tris/HCl, 150 mM
NaCl) and disrupted using a French Press. Phenylmethyl sulfonyl fluoride (PMSF) was added to a
final concentration of 1mM to prevent protein degradation. Unbroken cells and cell debris were
removed by centrifugation at 20.000xg for 30 minutes. The proteins were purified using a Ni-NTA
Superflow cartridge H-PR according to standard procedures of the manufacturer (IBA GmbH,
Germany).
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Phosphorylation assay
Proteins were applied in equal concentration in phosphorylation assay buffer (25mM Tris–
HCl pH 8, 300 mM NaCl, 5 mM MgCl2 and 1 mM DTT) at 30°C in the presence of 1mM unlabeled
ATP in a final volume of 15 µl in the indicated combinations of McsA and McsB. Nonradioactively labeled ClpC was trypsin digested (see below).
Protein identification and quantification of the interaction analysis using GeLC-ESI MS/MS
analysis
In this experimental setup, the control culture was grown in unlabeled 14N media while the stressed
culture was grown in 15N-enriched media. The cultures were then treated with p-formaldehyde for
reversible protein:protein cross-linking (18). Afterwards, either McsB or ClpC was isolated using
Streptavidin columns. The purified protein complex was then analyzed using GeLC-MS/MS and
their presence was quantified as described previously (2).
Purified protein samples were separated by 1D SDS-PAGE. After staining with Coomassie silver
blue a complete lane was cut into five equal gel slices. In-gel digestion was per- formed with
trypsin (Promega, Madison, WI, USA) as described by (11). Peptides obtained from in-gel digestion
were separated by liquid chromatography and measured online by ESI-mass spectrometry. LCMS/MS analyses were performed using a nanoACQUITY UPLCTM system (Waters, Milford, MA,
USA) coupled to an LTQ Orbi- trapTM mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) as described recently (2) with the exception of applying a flow rate of 400 nl min-1.
Protein identification and quantification was accomplished as already published (2). Identification
of peptides was carried out by database search using SEQUEST version 28 (rev. 12) (Thermo
Fisher Scientific) against a target-decoy database (8294 entries). This data- base was composed of
all protein sequences of B. subtilis extracted from UniprotKB (release 12.7, UniProt Consortium,
Nucleic acids research 2007, 35, D193–197). A set of the reversed sequences created by
BioworksBrowser 3.2 EF2 as well as common contaminants such as keratin was appended.
A protein was considered reliably quantified when its ratio was determined in two technical
replicates with not less than two peptides in at least one of the replicates. Proteins that have been
identified, but failed to give reliable quantitative data, were manually inspected for poor quality or
presence in only one of the samples,

14

N or

15

N. If their presence in only one of the samples was

based on more than one peptide they were added to the list of quantified proteins as ‘on’/‘off’
proteins. In this case the correspondent 14N- or 15N-peptide was missing for quantification.
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Protein digestion, phosphopeptide enrichment and identification of phosphate containing
peptides
Approximately 300µg (Roti®-Nanoquant protein determination (Roth, Karlsruhe,
Germany)) of purified McsB was digested with activated Trypsin (15 min incubation at 30°C in
activation buffer; enzyme trypsin ratio 1:200) over night at 37°C. The peptide solution was
prepared for phosphopeptide enrichment by using strong cation exchange (SCX) chromatography
and titanium dioxide beads according to (30). Peptides were separated and measured corresponding
to (33).
Proteins were identified by searching all MS/MS spectra in .dta format against a forward
reverse database that was composed of all protein sequences of B.subtilis extracted from UniprotKB
release 12.7. using Sorcerer™-SEQUEST® (ThermoFinnigan, San Jose, CA; version v.27, rev. 11).
The following search criteria were used: Full tryptic specificity was assumed. The maximum mass
deviation was set to 10 ppm for the precursor ion, and 1 Da for fragment ions. Up to two missed
tryptic cleavages were allowed. Methionine oxidation (+15.99492 Da) and phosphorylation of
R,S,T,Y (+79.966331 Da) were set as variable modifications. Proteins were identified by at least
two peptides applying a stringent SEQUEST filter. Sequest identifications required at least deltaCn
scores of greater than 0.10 and XCorr scores of greater than 1.9, 2.2, 3.3 and 3.8 for singly, doubly,
triply and quadruply charged peptides. Phosphorylated peptides which passed this filter were
examined manually and accepted only, when b- or y- ions confirmed the phosphorylation site.
Pulse-chase labeling and 2D PAGE.
B. subtilis 168 cells and isogenic ywlE mutants were grown in Belitsky minimal medium
without citrate supplemented with 4.5 mM glutamate until the mid-exponential phase (optical
density at 500 nm, 0.5), and then 30 ml of culture was labeled with 500 µCi L-[35S]-labeled
methionine for 10 min followed by a chase with a 600,000-fold molar excess of cold methionine.
This excess of cold methionine was sufficient to prevent further incorporation of radioactive
methionine, as in reverse experiments (chase-pulse) no radioactive methionine was incorporated
into proteins. Samples of 4 ml each were taken immediately (t0), 30 min, 1 h, 2 h, 4 h, 6 h, and 8 h
after addition of cold methionine. Cells were centrifuged (10.000 x g, 4°C, 10 min), and washed in
500 µl and resuspended in 400 µl ice-cold TE buffer (10 mM Tris [pH 8.0], 1 mM EDTA)
containing 1 mM phenylmethylsulfonyl fluoride (PMSF). After sonication for 3 1-min pulses at 55
W in an ice bath (Labsonic U; Braun), cell debris was removed by centrifugation (10,000 x g, 4°C,
30 min), and aliquots of the supernatant were used for measuring protein concentrations (Roti145
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Nanoquant; Roth) and incorporated radioactivity after precipitation with 10% trichloroacetic acid
by scintillation counting (Tricarb 2900 TR; PerkinElmer). Two-dimensional PAGE was carried out
using Immobiline dry strips (IPG; GE Healthcare) (pH4-7) loaded with 80 µg of radiolabeled
protein extract. The radioactivity of the t0 sample was used to define the exposure time of a wholegel series (all gels for the same time period). The dried gels were exposed to storage phosphor
screens that were scanned using an SI PhosphorImager (Molecular Dynamics) or a Storm 840
system (Molecular Dynamics) at a resolution of 200 µm. Samples were prepared and analyzed in
parallel in two independent experiments.
Dual-channel imaging, warping, and spot quantitation.
Dual-channel imaging allowed visualization of changes in the protein pattern. To avoid spot
mismatches, distorted gels were adjusted using Delta2D 3.4 software (Decodon). The spots of the
first 2D gel image from cells immediately after pulse-chase were artificially false-colored red, and
the gels of subsequent time points were false-colored green. After warping and image
superimposition, stable proteins appeared yellow, while spots of instable proteins turned red during
the chase.
The Delta2D software was also used to quantify spot intensities. Quantitation datasets for
each gel series were generated by warping the consecutive gels with respect to the respective t0 gel.
Before this the t0 gels had been carefully compared with a comprehensive B. subtilis 2D master gel
(10) so that protein names could be assigned to most spots. For each of the matched sets the
software created an artificial fused union gel in which the outlines of all congruent, colocalized
spots were merged into single outlines. These were then back-transferred to the constituent gels and
served as a basis for the subsequent quantitation of relative spot intensities. Quantitation data were
exported to Excel software (Microsoft), and the normalized spot volumes were calculated and
corrected for the cell growth accordingly.
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Results:
McsB kinase activity is inhibited by ClpC in vivo.
Recently, it was demonstrated that the McsB adaptor activity is specifically activated upon
heat exposure resulting in the controlled degradation of CtsR (9). As a consequence, we were
interested in the molecular details of the inhibition of McsB in non-stressed cells and the specific
activation of the McsB kinase upon heat exposure. Interestingly, it was reported that an active
McsB kinase leads to a slightly induced transcription of clpE or clpP independent of the intrinsic
regulation of CtsR, because an activate McsB adaptor can bind to DNA free CtsR thereby
preventing its DNA binding (9). This observation gave us the opportunity to monitor the activity of
McsB in non-stressed cells, when transcription of clpE or clpP are strongly repressed by CtsR.
Activation of McsB as an adaptor protein depends on a functional kinase (8, 9, 19) and
previous studies have revealed that the McsB kinase activity is inhibited by ClpC in vitro (19, 23).
When ClpC indeed inhibits McsB kinase activity, the McsB adaptor should be activated in a clpC
mutant strain leading to a slightly induced clpE or clpP transcription. Indeed, transcription of clpE
as well as clpP was marginally increased in a clpC knock-out strain (Fig. 1A). Nevertheless, CtsRdependent transcription in a clpC mutant was strongly induced during heat stress caused by the
recently described intrinsic heat dependent regulation of CtsR (9) (Fig. 1A). We decided to monitor
McsB impact on CtsR activity by clpP transcription, because CtsR repression is stronger for clpE
than clpP due to the lower amount of CtsR binding sites in front of clpP (5, 6). Accordingly, clpP
transcription is more sensitive for little variances of CtsR activity.
When the slightly enhanced transcription is indeed provoked by an active McsB adaptor, an
mcsB knock-out should restore the wild-type conditions. In fact, an mcsB/clpC double mutant
displayed a wild-type like transcription in non-stressed cells (Fig. 1B), demonstrating that McsB is
solely responsible for the slightly induced transcription in non-stressed cells observed in a clpC
mutant (Fig. 1A). We used our recently developed in vivo expression system (9) to investigate a
kinase inactive McsB point mutant (23) in a ΔclpC background. In this mutant, the enhanced
transcription also disappeared (Fig. 1C) indicating that the McsB kinase activity was responsible for
the enhanced transcription of clpP and clpE in a clpC mutant. Hence, the McsB kinase appears
permanently active in a clpC mutant suggesting that McsB is indeed inhibited by a direct binding to
ClpC in vivo.

147

Activity control of the ClpC adaptor McsB in Bacillus subtilis
Interaction of McsB with ClpC is dramatically decreased during heat stress.
McsB kinase is inhibited in the presence of ClpC both in vivo (Fig. 1) and in vitro (23). This
leads to an inactive McsB kinase in non-stressed cells. But upon heat exposure, McsB activity is
strongly induced (9). The simplest interpretation of this activation is a diminished inhibition of
McsB by ClpC caused by a decreased interaction of both proteins. To monitor the changes in the
interaction of McsB with ClpC, we used metabolic labeling with either

14

N or

15

N labeled media

coupled with MS-analysis as described previously (8).
We compared the specific interaction of McsB with ClpC in non-stressed cells against that
in cells that were heat-stressed for 5 minutes. Upon heat exposure, the interaction of McsB with
ClpC was dramatically decreased to nearly 30% of that in non-stressed cells. This observation
underlines that McsB is indeed activated as a kinase when inhibition by ClpC almost disappeared as
was already suggested by previous in vitro data (23). Binding of McsB with McsA was not altered
under these conditions, which is consistent with the fact that interaction of McsB with McsA is
needed for an efficient McsB kinase activity (23).
McsB is probably not displaced by other adaptor proteins on ClpC.
Previous studies reported that in vitro McsB is activated by a titration from ClpC caused by
MecA (23). Interestingly, McsB and MecA use the same binding sites on ClpC (19). However, in
the aforementioned quantitative analysis of ClpC interaction partners, we did not detect an increase
of known adaptor proteins such as MecA or YpbH during heat stress. We constructed a strain,
which ectopically over-expresses clpC to further investigate this. An increased amount of ClpC
molecules in the cell should prevent that MecA or other adaptor proteins substitute McsB on ClpC
because activated MecA can bind to additional cellular ClpC molecules. As a consequence,
interaction of McsB with ClpC is not disturbed and McsB kinase is not activated. As a result, CtsR
is no longer degraded during heat stress because McsB kinase activity is required for this process
(9, 19).
However, when we investigated CtsR stability in this clpC over-expression strain, we did
not found a stabilization of CtsR indicating an activation of the McsB kinase (Fig. 2A). These
results strongly suggest that McsB is not released from ClpC by a titration but rather by an active
stress sensing mechanism. But the precise molecular mechanisms of this process remains
unrevealed even though we could rule out in vivo that other adaptor proteins are involved as was
suggested in vitro (23).
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ClpE does not inhibit the McsB kinase.
The HSP100/Clp protein ClpE was detected as an interaction partner of McsB, but only
during heat stress. Most probably, this is due to massive ClpE increase shortly after a temperature
shift (5). ClpE is known to aid ClpC in CtsR degradation during heat stress while performing the
early degradation of CtsR (27). Nevertheless, CtsR degradation always depends on the presence of
the McsB kinase activity (9, 19). Thus we were interested whether ClpE can substitute ClpC also in
its inhibiting function towards the McsB kinase.
In non-stressed cells ClpE is hardly detectable on the protein level (13). Thus,
overexpression of clpE in trans should decrease the aforementioned enhanced transcription of clpP
to the wild-type levels in a clpC mutant strain under standard growth conditions, when ClpE indeed
is able to inhibit McsB kinase. However, this strain displayed a similar clpP transcription like a
clpC knock-out (Fig. 2B) suggesting that ClpE is not able to inhibit McsB kinase in vivo.
Activated McsB is auto-phosphorylated on arginine residues.
It has long been known that McsB can be auto-phosphorylated in vitro (12, 19, 23).
Recently, we demonstrated that McsB showed-up with putative auto-phosphorylations during heat
stress in vivo, which are essential for the targeting of CtsR by McsB (9). We used phospho-peptide
enrichment by titanium dioxide (TiO2) chromatography (30) and on line ESI-mass spectrometry
using a nanoACQUITY UPLC system coupled to an LTQ Orbitrap mass spectrometer to determine
the specific auto-phosphorylation sites of McsB. We detected several phosphate groups on arginine
residues at McsB in vitro (Fig. 3) consistent with the previous observation that McsB is an arginine
kinase in vitro (12).
Interestingly, the detected phospho-sites are located mainly within the C-terminus of McsB
(Fig. 3). The N-terminus of McsB is similar to a guanidine-phosphotransferase domain that is
critical for kinase activity (23, 25). In contrast, the adjacent C-terminal domain is not homologous
to other protein domains and thus may not contain catalytic residues. Because McsB is only capable
of binding to free CtsR in its auto-phosphorylated form (9) we hypothesized that these
phosphorylations may result in a conformational change that allow McsB to bind to CtsR.
YwlE and ClpC both inhibit the McsB kinase.
Recently, it was reported that YwlE is the cognate phosphatase for McsB in vivo (9, 16, 22),
but did not have an impact on CtsR activity (9). Accordingly, we were interested whether YwlE
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contributes to the regulation of McsB. To monitor the impact of YwlE on McsB activity, we
analyzed a clpC/ywlE double mutant, because any increased McsB activity would depend on a
negative influence of YwlE. We detected that clpP and clpE transcription is once more elevated in
non-stressed cells when compared with a clpC single knock-out (Fig. 4A). Nevertheless, also in this
double mutant transcription is strongly induced upon heat exposure (Fig. 4A) due to the intrinsic
heat sensor function of CtsR (9). This observation suggests that YwlE is also involved in the
inhibition of McsB activity, but that ClpC is more important in the wild-type.
The ywlE/clpC double mutant displayed a severely impaired growth in minimal media (Fig.
4C) as well as in complex media (data not shown). The clpC and the ywlE single mutant both
showed only minor growth effects in minimal media and exhibited wild-type like growth in
complex media (Fig. 4C). We propose that activation of McsB due to the absence of its two
inhibitors, ClpC and YwlE, may be responsible for this phenotype. McsB in its activated form is
able to bind substrates such as CtsR (9). Thus, McsB might bind to its putative substrates resulting
in a severe disturbance of cellular physiology. If such a theory is true, an mcsB/clpC/ywlE triple
knock-out mutant should suppress the growth phenotype of the double mutant. In fact, the growth
of the triple mutant is mostly restored when compared with the ywlE/clpC double mutant (Fig. 4C).
The triple knock-out roughly behave like the single mutants (Fig. 4C), suggesting that activated
McsB adaptor interferes with the cell physiology most likely by substrate binding.
Global impact of McsB on protein stability.
These results suggests that YwlE and ClpC both inhibit McsB and that McsB, when
activated, has a more global role in protein degradation than anticipated. Recently, it was reported
that McsB is only activated shortly upon heat exposure, suggesting a role in the adaptation to this
specific stress conditions (9). However, heat stress condition is very restricted to monitor global
protein degradation because proteins tend to aggregate (24). Therefore it is hard to distinguish
between degraded and aggregated proteins, because both sub-species disappear from the cytoplasm
which we investigate by 2D analysis. We decided to monitor the impact of McsB on global protein
degradation by an artificial activation of McsB. Due to our results, knock-out of ywlE should lead to
a marginal activation of McsB. This allows us to monitor the influence of McsB under all
conditions in a ywlE mutant strain. Glucose starvation served already as a model for general protein
turn over (14, 26). Thus, we choose this condition to monitor protein stability by
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labeling.
A few differences in the stability of certain enzymes were detected by pulse-chase and 2Danalysis in a ywlE mutant compared to the wild-type (Fig. S1). For example, YjcJ and ThiC were
150

Activity control of the ClpC adaptor McsB in Bacillus subtilis
found rapidly degraded in a ywlE mutant. In contrast, in the wild-type both proteins appeared rather
stable (Fig. 4d). Obviously, McsB targets additional substrates to CtsR when activated. These
results imply a global role of McsB in protein degradation. However, not during glucose starvation,
but under conditions which lead to activation of McsB. McsB is inhibited by YwlE, but also by
ClpC and inhibition by ClpC is stronger than by YwlE, why we could only detect a few McsB
substrates. We suggest that analysis of different culture conditions will also lead to the
identification of additional YwlE/McsB dependent substrates. For example, it was suggested that
McsB/YwlE are responsible for the degradation of a specific anchor protein of Com proteins which
lead to an McsB dependent delocalization (16).

Discussion:
In this study, detailed molecular insights were gained of how McsB adaptor function is
regulated in vivo. Generally, McsB kinase is inhibited by a direct interaction with ClpC. This
interaction is dramatically diminished upon heat exposure subsequently activating McsB kinase.
ClpC not only inhibits McsB kinase by direct interaction, but also degrades McsB when activated
(9). In consistence with previous results (9), we confirmed that the YwlE phosphatase is an
additional inhibitor of McsB activity. Thus ClpC and YwlE are both inhibitors of the McsB adaptor
in vivo.
Adaptor proteins play an important role for regulated proteolysis in bacteria (1, 20).
However, the precise molecular details of how these adaptors are controlled is largely unknown.
Only for specific model adaptor proteins such as MecA in B. subtilis or RssB in Escherichia coli
regulatory details were reported. MecA is responsible for the degradation of the competence
regulator ComK by ClpCP in B. subtilis, thereby regulating the natural competence. Activity of
MecA is modulated by the anti-adaptor protein ComS, which binds with higher affinity to MecA
subsequently releasing ComK and activate competence development (37). The phosphorylated
adaptor protein RssB targets RpoS in E. coli, the master regulator of the general stress response, for
degradation by ClpXP (35, 41). Thus, the phospho-state of RssB, which depends on the activity of
the sensor kinase ArcB, is essential for its adaptor function (28). In addition, activity of RssB is also
regulated by different anti-adaptor proteins such as IraP, IaM or IraD, which all sense and integrate
different stress signals (3).
Our results imply a similar diverse regulation of McsB activity by the three regulators of
McsB ClpC, YwlE and McsA. We suggest, that each of these three regulators sense and integrate
different stress signals concomitantly regulating McsB activity. Independent regulation of the two
inhibitors ClpC and YwlE is suggested by the severe impact of permanently activated McsB on cell
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physiology when both inhibitors are mutated (Fig. 4C). This observation indicates that one of the
two inhibitors of McsB are always present in its active form preventing cell damage. Consequently,
activity of both proteins are essential for an appropriate inhibition of McsB. As a result, inactivation
of one of the two inhibitors leads to an activation of McsB. We demonstrated that during heat stress,
McsB gets activated by a release from ClpC, but YwlE still inhibits McsB (9). To date, nothing is
known about regulation of YwlE activity, but most probably YwlE sense and integrate different
cellular signals than ClpC, resulting in a specific YwlE-dependent response. YwlE is highly
homologous with low molecular protein tyrosine phosphatases (LMWPTP) and contains a
conserved cysteine residue in its active center (29). It is known that this cysteine residue possesses
regulatory potential in eukaroytes (4) and might also play a role in regulation of McsB activity in B.
subtilis.
ClpC and YwlE does not exert inhibition of McsB with similar intensities. In the absence of
ClpC McsB is strongly activated (Fig. 1A), whereas a ywlE knouck-out only leads to a minor
activation of McsB in non-stressed cells (9). CtsR degradation depends on an active McsB adaptor
(9, 19, 23). However, in a ywlE mutant CtsR is only very slowly degraded in non-stressed cells and
gets only rapidly degraded upon heat exposure, when inhibition of McsB by ClpC is diminished
(Fig. S2). These observations strongly suggest that ClpC-dependent inhibition of McsB is stronger
than that of YwlE.
This fact explains why stability of only a few proteins is changed in a ywlE mutant (Fig. S1),
because McsB is only very slightly activated. Nevertheless, our results demonstrate for the first
time that McsB is involved in the degradation of different proteins indicating a general adaptor
function (Fig. 4C). McsB activity is most powerful influenced by the inhibition of ClpC. We could
show that this inhibition is is decreased upon heat exposure. In consistence, the McsB substrate
CtsR is only degraded during heat and protein stress (25) corresponding with the heat-dependent
activation of McsB (9). Accordingly, this observation also gives space for speculation that McsB
exerts its main role as an adaptor protein in the adaptation of the cell to protein stress conditions.
Nevertheless, McsA is essential for activation of McsB as an adaptor protein (19, 23). Thus
the interaction of McsA with McsB represents an additional layer of control for McsB. Recently, we
showed that the strong interaction of McsA with McsB is abolished during thiol-specific stress
conditions. This prevents the activation of McsB either by YwlE or ClpC under these conditions.
All in all, three different proteins are involved in controlling McsB activity (Fig. 5). Under standard
growth, McsB is inhibited by ClpC as well as YwlE preventing activation of McsB by the activator
McsA. Probably all three regulator of McsB activity sense and integrate different stress signals. We
could demonstrate, that the stronger inhibition of ClpC is decreased by protein folding stress. Under
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these conditions, YwlE is active, but McsB adaptor function is strongly induced. In contrast, in the
absence of YwlE, the McsB adaptor is only weakly induced, because ClpC still inhibits McsB.
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Figure legends:
Figure 1 ClpC inhibits McsB kinase in vivo
A-C Northern blot analysis of clpE or clpP transcription in different mutants. (A) Transcription
profile of the wild-type and a clpC mutant in non-stressed and heat-treated cells. (B+C)
Transcription profile of a clpC/mcsB or clpC/mcsBC167S double mutant in comparison to the wildtype and a clpC mutant in non-stressed cells.

Figure 2 McsB kinase is activated by a release from ClpC
(A) Stability of CtsR in different mutants. Pulse-chase labelling and immunoprecipitation of CtsR
after heat stress in B. subtilis wild-type, a kinase-deficient mcsB mutant (McsBC167S) and in a strain
which ectopically overexpresses clpC. (B) Northern blot analysis of clpP in non-stressed wild-type
cells, clpC mutant and a strain which ectopically overexpresses clpE in a clpC knock-out strain.

Figure 3 McsB is auto-phosphorylated on different arginine residues in vitro
McsB was incubated with its activator McsA for 20 minutes in the presence of 10mM ATP
allowing phosphorylation events. Then the mixture was trypsin digested, the phospho-peptides were
enriched and analyzed by mass spectrometry (for more details see materials & methods section).
The panels show the spectra of five arginine phosphorylated peptides of McsB. McsB was
phosphorylated on R29, R190, R255, R269 and R272 residues. The b- and y-ions are highlighted
and the peptide sequences are indicated. The amino acids which are identified by mass
spectrometric analysis are displayed in colored, bold letters. The upper sequence corresponds to the
b- and the lower sequence to the y- ions.
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Figure 4 McsB is involved as an adaptor protein in general protein turnover

(A) Northern blot analysis of clpP in non-stressed wild-type cells, a clpC mutant and a clpC/ywlE
double knock-out strain. (B) clpE-bgaB activity in non-stressed cells in the wild-type, a clpC
mutant and a clpC/ywlE mutant. (C) Growth curves of B. subtilis wild-type 168 (X), the ΔclpC (,
the ΔywlE, the ΔmcsB, the ΔclpC/ywlE and the ΔclpC/ywlE/mcsB mutant strains in minimal media.
(D) Degradation patterns of YjcJ and ThiC. Pulse-chase experiment followed by 2D-PAGE. A
false-colored gel-pair-image is shown (red, 0h after labeling; green, 28h after labeling). Degraded
proteins show up in red and stable proteins in yellow.
Figure 5 Model for the regulation of the McsB adaptor
McsB activity is regulated by its three regulators ClpC, YwlE and McsA. McsA is a prerequisite for
full McsB activity. McsA permanently interacts with McsB and this interaction is only interrupted
by thiol-specific stresses. ClpC strongly inhibits McsB activation by a direct contact with McsB.
This inhibition is diminished during different protein stress conditions. In addition, ClpC is able to
comtrol McsB activity also by regulated proteolysis, when active McsB is degraded by ClpCP.
YwlE can also inhibit McsB, but with a weaker intensity than ClpC.
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