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“Your time is limited, so don't waste it living someone else's life. Don't be trapped by dogma - 
which is living with the results of other people's thinking. Don't let the noise of other's 

opinions drown out your own inner voice. And most important, have the courage to follow 
your heart and intuition. They somehow already know what you truly want to become. 

Everything else is secondary.” 
 

Steve Jobs (1955☀-2011✝)!
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Summary 
 
Proteolysis represents the final step in the life of a protein. It is one of the most important cellular 

processes assisted by chaperone systems and ensures an appropriate protein homeostasis.  Protein 

degradation is essential for the removal of cytotoxic protein aggregates and mis-translated/mal-

folded proteins, „unemployed“ and regulatory proteins to enable rapid cell adaptation to altering 

environmental conditions (Gottesman, 2003; Wiegert & Schumann, 2001; Parker, 1981; 

Stansfield et al., 1998; Drummond & Wilke, 2008; Goldberg, 1972; Gerth et al., 2008). 

The bacterial Clp (caseinolytic proteins) protease complexes are analogous to the eukaryotic 26S 

proteasome and consist of Hsp100/Clp proteins of the AAA+ superfamily and an associated 

barrel-like proteolytic chamber (e.g. ClpP).  

The Clp proteases seem to be responsible for the major protein turnover in low GC, Gram+ 

bacteria.  

The main goal of this thesis was to develop new methods and tools to investigate global 

proteolysis more precisely and to get a detailed understanding of protein degradation during 

starvation conditions and it´s regulation in low GC, Gram-positive bacteria. 

To analyse protein degradation under starvation conditions the well established glucose starvation 

model was used. In Bacillus subtilis it could be shown that approximately 200 proteins are 

selectively degraded in a glucose depletion induced stationary phase. Furthermore radioactive 

pulse-chase labelling experiments coupled with 2D-PAGE analysis revealed that mainly the 

ClpCP protease complex is involved in the degradation of proteins in the stationary growth phase.  

To investigate proteolysis in the human pathogen Staphylococcus aureus in the same way, a 

newly developed chemically defined medium was established suitable for radioactive pulse-chase 

labelling experiments under stable glucose starvation conditions.  

The degradation kinetics of individual 2D spots was significantly better resolved using 14C-BSA 

as an internal marker protein for the sample normalisation. A rather huge overlap was found 

within the functional protein classes that were degraded in B. subtilis and S. aureus the stationary 

phase. Among others, especially proteins involved in amino acid, nucleotide and cell wall 

biosynthesis were rapidly degraded, whereby not always the same and sometimes another 

enzymes from a biosynthetic chain were targeted for proteolysis.  

Despite the resolution power of the 2D-PAGE method, there are some drawbacks such as a 
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limited "protein window" with regard to the molecular weight and isoelectric point, loss of low 

abundance proteins and a rather low reproducibility for time course experiments. Therefore a 

mass spectrometry based approach for the simultaneous detection of protein synthesis, 

accumulation and degradation was developed. This pulse-chase SILAC approach provides a very 

good reliability with a broad spectrum of proteins that can be analysed.  Through the combination 

with ultracentrifugation even non-soluble and aggregated proteins could be analysed. Several 

hundred proteins were degraded in S. aureus during glucose starvation. Among them was the 

functional cluster of ribosomal proteins which is degraded in the early stationary phase. 

Furthermore proteins belonging to complexes were degraded with the same kinetic (e.g. NrdE, 

NrdF). In addition selective protein degradation took place according to functional categories 

(e.g., ribosomal proteins, biosynthetic, glycolytic enzymes) and not to regulatory groups (e.g. 

CcpA, SigB regulon).The investigation of a clpP deletion mutant in S. aureus revealed a greater 

susceptibility to aggregation, where the cells try to counteract with the expression of chaperones 

like GroEL/ES, ClpB and DnaK. The renaturation process is very ATP consuming and only takes 

place in energy rich phases of growth (e.g. from exponential to transient growth phase). Protein 

aggregation was found enhanced in the stationary phase. Furthermore, a higher GTP level 

compared to the wild-type probably resulted in a stronger CodY mediated repression with a 

rather low level of amino acids in clpP mutant cell. In addition substances like glycerol, which 

thermodynamically stabilise proteins in refolding processes (Maeda et al., 1996; Feng & Yan, 

2008), were found in higher levels compared to the wild-type. A strong response to reactive 

oxygen species was detected in the clpP mutant strain, which is probably due to ROS production 

during the early stages of protein aggregation. 

Altogether, different methods were used for investigation protein degradation at a proteome-wide 

scale. Hundreds of degradation candidates were identified by gel-based and gel-free approaches 

in S. aureus wild-type cells. “Unemployed” proteins (e.g. ribosomal proteins, biosynthetic 

enzymes) were degraded and proteins particularly required and synthesized in glucose-starved 

cells such as TCA cycle enzymes were stable in the stationary phase. Investigation of the clpP 

mutant strain supports a proposed model for the pleiotropic phenotype and provides a deeper 

insight in the fine-tuned protein quality control and the important role of ClpP during starving 

conditions.  
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Zusammenfassung 
 

Die Proteolyse stellt die letzte Stufe im Leben eines Proteins dar. Sie ist ein wichtiger zellulärerer 

Prozeß und sorgt im Zusammenspiel mit dem Chaperon-System für eine Proteinhomöostase. Die 

Degradation von Proteinen ist essentiell für den Abbau von zytotoxischen Proteinaggregaten 

sowie von falsch synthetisierten bzw. falsch gefalteten Proteinen und für den schnellen Abbau 

von „arbeitlosen“ sowie regulatorischen Proteinen, um vor allem eine schnelle Anpassung an sich 

verändernde Umweltbedingungen zu gewährleisten (Gottesman, 2003; Wiegert & Schumann, 

2001; Parker, 1981; Stansfield et al., 1998; Drummond & Wilke, 2008; Goldberg, 1972; Gerth et 

al., 2008). Der bakterielle Clp-Protease-Komplex (caseinolytische Protease ) ist strukturell analog 

zum eukaryontischen 26S Proteasom und besteht aus HSP100/Clp Proteinen der AAA+ - Familie 

und einer interagierenden tonnenförmigen proteolytischen Kammer (z.B. ClpP). Die Clp 

Proteasen scheinen für den globalen Proteinabbau in Gram-positiven Bakterien mit niedrigem 

GC-Gehalt verantwortlich zu sein. Das Hauptziel dieser Arbeit war es neue Methoden zur 

Untersuchung der globalen Proteolyse zu entwickeln, um ein besseres Verständnis zum 

Proteinabbau in hungernden Staphylococcus aureus und Bacillus subtilis Zellen zu bekommen. 

Dafür wurde das gut etablierte Glucose-Hunger-Modell verwendet. In Bacillus subtilis konnte 

gezeigt werden, dass etwa 200 Proteine in Glucose-hungernden, stationären Zellen selektiv 

abgebaut werden. Radioaktive pulse-chase Experimente gefolgt von einer 2D-Gelelektrophorese 

ergaben, dass vor allem der ClpCP-Protease-Komplex für diesen Abbau zuständig ist. Um den 

Proteinabbau beim humanpathogenen Erreger Staphylococcus aureus in gleicher Weise zu 

untersuchen, wurde ein chemisch definiertes Medium etabliert, das für pulse-chase Experimente 

geeignet ist und eine stabile, durch Glucose-Hunger induzierte, stationäre Phase gewährleistet. 

Dabei konnte u.a. festgestellt werden, dass die Proteinabbaukinetiken der einzelnen 2D-Gel-

Proteinspots quantitativ und signifikant besser werden durch die Verwendung von radioaktiven 
14C-Rinderserumalbumins als internes Markerprotein zur Proben-Normalisierung. Überraschend 

war, dass es eine große Überlappung in den funktionalen Proteinklassen hinsichtlich des 

Proteinabbaus in B. subtilis und S. aureus gab, wenngleich nicht immer die gleichen und 

manchmal andere Enzyme abgebaut wurden. Unter anderem wurden vor allem Proteine die an 

der Aminosäure, Nukleotid- und Zellwand- Biosynthese beteiligt sind zügig unter Nichtwachs-

tumsbedingungen in der stationären Phase abgebaut. Trotz der hohen Proteinspot-Auflösung bei 

der 2D-Gelelektrophorese besitzt diese Technik auch einige Nachteile, wie ein durch Molekular-
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gewicht und isoelektrischen Punkt begrenztes „Proteome-Fenster“ und eine eher geringe Re-

produzierbarkeit. Aus diesen Gründen wurde ein Massenspektrometrie orientierter Ansatz ent-

wickelt, der die simultane Untersuchung von Proteinsynthese, Proteinakkumulation und Protein-

abbau möglich macht. Der sogenannte pulse-chase SILAC Ansatz ermöglicht es, ein sehr breites 

Proteinspektrum mit hoher Reproduzierbarkeit zu untersuchen. Durch Ultrazentrifugation 

konnten lösliche und unlösliche/aggregierte Proteine analysiert werden. Es wurden mehrere hun-

dert Proteinabbaukandidaten in Glucose hungernden S. aureus Zellen identifiziert. Unter ihnen 

befand sich auch der funktionale Cluster der ribosomalen Proteine, welcher schon in der frühen 

stationären Phase abgebaut wird. Darüber hinaus wiesen Proteine die im funktionalen Komplex 

zusammenwirken eine gleiche Proteinabbaukinetik auf (z.B. NrdE, NrdF). Zudem erfolgt die 

selektive Proteindegradation nach funktionellen Clustern (z.B. ribosomale Proteine, biosynthe-

tische Proteine, glykolytische Enzyme) und nicht nach Regulator-zugehörigen Clustern (z.B. 

CcpA-, SigB-Regulon). Die Untersuchung der clpP Deletionsmutante in S. aureus ergab ein 

starkes Proteinaggregationspotential speziell in der stationären Phase, wobei die Zellen versuchen 

durch erhöhte Expression der Chaperone GroEL/ES, ClpB und DnaK diesem Prozess entgegen 

zu wirken. Da eine Protein-Renaturierung für die Zelle sehr energieaufwendig ist, findet sie nur 

in energiereichen Phasen des Wachstums statt (z.B. exponentielle bzw. transient Phase). Darüber 

hinaus konnte eine höhere GTP Konzentration bezogen auf die relative CodY-Proteinmenge in 

der clpP Mutante gegenüber dem Wildtyp gemessen werden, was zu einer verstärkten Repression 

des CodY-Regulons in der clpP Mutante führt. Dies erklärt auch das niedrige Niveau von intra-

zellulären Aminosäuren in der clpP Mutante. Zudem wurden Substanzen wie Glycerin, das 

thermodynamisch stabilisierend und unterstützend auf die Protein-Renaturierung wirkt!(Maeda et 

al., 1996; Feng & Yan, 2008), in größeren Konzentrationen in den clpP-Mutanten Zelle gefunden. 

Desweiteren wurde eine starke zelluläre Antwort auf oxidativen Stress in der clpP Mutante 

detektiert, die wahrscheinlich durch die in den frühen Phasen der Proteinaggregation auftretenden 

reaktiven Sauerstoff Spezies induziert wurde. Zusammenfassend ist festzuhalten, dass hunderte 

Proteinabbaukandidaten durch Gel-basierte und Gel-freie Ansätze in S. aureus identifiziert 

wurden. Dabei ist auffällig, dass insbesondere „arbeitslose“ Proteine (z.B. ribosomale Proteine, 

biosynthetische Enzyme) in der stationären Phase abgebaut werden, wobei Enzyme die gebraucht 

und synthetisiert werden (z.B. TCA Zyklus Enzyme) sich stabil verhalten. Die Ergebnisse aus 

den Untersuchungen mit der clpP Mutante unterstreichen die wichtige Rolle von ClpP in der 

Zelle und liefern Hinweise zur Erklärung des pleiotropen Phänotyps der Mutante.  
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Introduction 
 

Staphylococcus aureus 
 
S. aureus is a low GC gram-positive, non-sporulating, non-flagellar human pathogen. 

Staphylococci are resistant to temperatures as high as 50°C, to high salt and H2O2 concentration as 

well as to drying (Frees et al., 2005; Chaibenjawong & Foster, 2010; Weber et al., 2004; Bruins 

et al., 2007).  Three types of S. aureus carriages can be distinguished among the mankind. There 

are non-carriers (approximately 20%), persistent carriers (25-25%) and intermittent carriers (55-

60%) (Eiff et al., 2001; Lindsay, 2008). Furthermore, intracellular persistence and replication 

were reported (Garzoni & Kelley, 2009; Qazi et al., 2004).  

Over the last decades this human pathogen gets more into the focus of research due to a major 

threat because of increasing numbers of hospital acquired infections and related deaths (Jungk et 

al., 2007; Klein et al., 2007). 

 

Protein homeostasis 
 
Proteins, the players of life are translated from the blue print of life, the genome and are 

responsible for most actions of the cell, such as metabolism, adaption, cell division and virulence. 

All proteins are needed to be folded de-novo or activated via helper proteins, the chaperones, to 

gain their native three-dimensional structure and to fulfill their proper function (Mogk et al., 

2011). If the process is interrupted or interfered through environmental influences the proteins 

may aggregate (Mahler et al., 2009).  

Aggregation of proteins is based on non-natural structural interaction of proteins. Among others 

factors, higher salt concentrations or reactive oxygen species and heat stress enhance the protein 

aggregation effect (Squier, 2001). Furthermore domain swapping is believed to be another 

possible mechanism of protein aggregation through the formation of high oligomeric protein 

complexes(Yang et al., 2005). 

Increasing amounts of aggregated proteins in the cell will lead to cell death through 

disruption/disturbances of a variety of cellular functions, which are important for cellular life and 

survival (Maisonneuve et al., 2008). Therefore the cell evolved several countermeasures during 
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ages of evolution. The outcome are the heat shock proteins (HSP). They act in a complex 

network of chaperones and ATP-dependent proteases and together they form the protein quality 

control system in the cell. They are involved in processes such as  protein folding, renaturation 

after aggregation and degradation as the final fate of a protein.  

 

Heat shock proteins (HSP) 
 
The HSP families are divided in five conserved classes: sHSP (small heat shock protein), HSP33, 

HSP60, HSP70, HSP90, HSP100 (table 1) (Schlesinger, 1990). They fulfill several essential 

functions within the cell and make  life possible (Mayer & Bukau, 1998; Schirmer et al., 1996; 

Mayer & Bukau, 2005; Mogk et al., 2003; Mayer & Bukau, 1999). 

chaperone families prokaryotic 
family members 

co-chaperones major function 

small heat shock proteins 

(sHSP) 

IbpA, IbpB  prevention of  aggregation 

Hsp60 GroEL GroES protein folding 

Hsp70 DnaK DnaJ, GrpE, ClpB assistance in folding and re-folding 

Hsp90 HtpG  stabilise substrate proteins and 

maintain their active or inactive state 

Hsp100 ClpC, ClpA, ClpE, 

ClpX, ClpY, ClpB 

ClpP and ClpQ 

(proteolytic subunits) 

DnaJ, GrpE, DnaK 

disaggregation and degradation 

table 1 classes of HSP proteins in bacteria 

Chaperones 
 
Different classes of chaperones were discovered over all phyla of life and can promote folding of 

polypeptide chain directly pass over from the ribosome as well as refolding of denatured proteins 

(Young et al., 2004). Molecular chaperones recognize  their targets over unstructured or 

hydrophobic regions of the protein to ensure that only non-native proteins are targeted (Hessa et 

al., 2011; Hartl & Hayer-Hartl, 2009). Chaperones like DnaK, which are very important for 

survival (Singh et al., 2007),  hold and stabilize  proteins and subsequently prevent mis-folding or 
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aggregation. Moreover, proteins like the trigger factor are responsible for stabilization of the 

nascent peptide chain at the ribosome to promote de novo folding (Deuerling et al., 2003). 

Another type of chaperones are the cylindrical shaped chaperonin complexes (e.g. GroEL/ES or 

HSP100) (Fig. 1), which provide a closed physically defined compartment for isolated and 

sometimes co-translational coupled protein folding (Ying et al., 2005; Buchberger et al., 1996;  

 Erbse et al., 2003). 

 

 

ATP-dependent proteases 
 
During the evolutionary process at least four ATP-dependent proteases (Clp, HslUV, Lon and 

FtsH) has/have evolved with the same functional principles of the eukaryotic proteasome 

(Gottesman, 2003). ATP-dependent proteases are large cylindrical and ring-stacked protein 

complexes (Fig 1). The heterogenic Clp protein complex consists of chaperone rings of the  

AAA+ family (ATPase associated with variety of cellular activities) and an associated (non-

energy dependent) protease subunit, like the serine-protease ClpP. The AAA+ proteins (e.g. ClpC, 

ClpX, ClpA) are responsible for the unfolding of a degradation substrate and the translocation of 

Fig. 1 Architecture of the eukaryotic proteasome, the bacterial ClpAP chaperone-protease 
complex and the bacterial GroEL/ES chaperonin pair. (from Horwich et al., 1999) 

Architecture of the eukaryotic proteasome and bacterial ClpAP chaperone–protease complexes 
and of the bacterial GroEL-GroES chaperonin pair. 

Horwich A L et al. PNAS 1999;96:11033-11040 

©1999 by National Academy of Sciences 
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it into the proteolytic chamber formed by the protease (Zolkiewski, 2006). During this process 

ATP is hydrolyzed. On average one ATP is needed for the unfolding and translocation of five 

amino acids of the substrate protein, but the used ATP amount is strongly dependent on the 

characteristics of the degradation candidate  

(Martin et al., 2008; Aubin-Tam et al., 2011) (Fig. 2).  

  
 

Fig. 2 ATP costs for protein degradation through Clp´s (from Baker et al., 2006) 

be unraveled in a piece-by-piece manner. Thus, each ATP
cycle must represent a new unfolding attempt. But if
numerous ATP molecules are hydrolyzed before denatura-
tion occurs, then most unfolding attempts must be unsuc-
cessful. Indeed, hard-to-denature substrates are clearly
bound and released many times by ClpXP before they
are successfully unfolded [40]. Why, then, would the nth
denaturation attempt be successful when all previous
efforts failed? Because neither the enzyme nor the sub-
strate has any memory of previous encounters, random
factors must alter the probability of denaturation. In a
population of otherwise identical molecules, stochastic
thermal fluctuations continually cause transient struc-
tural distortions. If these deformations weaken structure
near the degradation tag at the same time that an AAA+
enzyme tugs on this tag, then the probability of protein
unfolding will increase.

At first glance, this relentless ‘try and try again’
mechanism seems inelegant and energetically wasteful,
sometimes using more energy to degrade a protein than
was originally used for its biosynthesis. Remember, how-
ever, that AAA+ proteases must denature an eclectic
assortment of proteins with markedly different structures
and stabilities, and thus evolution cannot optimize activity
for any single substrate. Pulling on a peptide tag repre-
sents a simple and universal mechanism that might repre-
sent the best compromise. Furthermore, because
substrates are released when unfolding is unsuccessful
[40], an AAA+ enzyme will not become jammed when a

hyperstable substrate resists denaturation. Lastly, this
release mechanism ensures that when an AAA+ protease
encounters a mixture of substrates, only some of which are
denatured easily, it will preferentially degrade the ‘easy’
substrates, thereby maximizing energetic efficiency.

Operational dissection of the AAA+ machine is
underway
The hexameric ATPases are the engines of AAA+ proteases.
As yet, we donot understand how thesemolecularmachines
engage the degradation tags of substrates during denatura-
tion or interact with translocating polypeptides. Moreover,
the nucleotide-dependent conformational changes that
drive substrate translocation and unfolding have not been
elucidated. Nevertheless, we are beginning to understand
some aspects of these reactions. For example, loops that line
the central pore of theAAA+hexamerare clearly involved in
translocation and in the recognition of some substrates
[7,8,41,42]. Different structures of HslUV show nucleo-
tide-dependent changes in loop conformations [43–45].
Although the functional relevance of some of these
structures is unclear, related loop movements could drive
polypeptide translocation through the pore.

It is also becoming clear that AAA+ hexamers function
in an asymmetric manner. For example, although the ClpX
hexamer contains six subunits of identical sequence, some
of these subunits do not bind ATP, some bind ATP tightly
and some bind ATP weakly [46]. Some structures of the
HslU homohexamer also show three classes of subunit [43].

The six subunits of ClpX can be covalently linked
without disrupting function, enabling enzyme variants
with different numbers of active or inactive subunits to
be constructed and studied [39]. Linked enzymes with only
a single subunit capable of hydrolyzing ATP have weak
activity, suggesting that nucleotide hydrolysis in one sub-
unit is sufficient to power the conformational changes
required for degradation. Enzymes with two wild-type
subunits on opposing sides of the hexamer are substan-
tially more active, degrading substrates at a third of the
rate and with the same thermodynamic efficiency as the
fully wild-type hexamer. The locations of the two active
subunits in the hexameric ring is an important determi-
nant of activity, as are the abilities of neighboring subunits
to mimic ‘empty’ or ‘ATP-bound’ conformations. These
results show that subunit–subunit communication and
cooperation have important roles in determining translo-
cation and denaturation activity. Given that some AAA+
machines, including the proteasome, function with non-
identical subunits, it makes sense that different subunits
in homomeric AAA+ rings also have distinct functional
roles [4,46].

The properties of linked ClpX variants suggest that ATP
hydrolysis occurs in a sequential but not strictly ordered
manner [39]. In other words, hydrolysis of ATP in one
subunit of the hexameric ring is not always followed by
hydrolysis in an adjacent subunit, in the next nearest
neighbor, or in the opposite subunit. ClpX hydrolyzes
ATP faster when it is translocating an unfolded substrate
than when it is attempting to denature a native substrate;
thus, it is possible that the hydrolysis activity of any ATP-
bound subunit in contact with a translocating substrate is

Figure 3. The cost of degradation. For denatured substrates and native substrates
that are easily unfolded, the cost of degradation is determined mainly by the cost
of translocation. For some substrates of ClpXP, this cost is !1 ATP molecule for
each residue degraded [37]. Thus, !100 ATP molecules would be hydrolyzed
during degradation of a 100-residue protein. For native substrates that are difficult
to denature, the cost of degradation can be much higher. When the native
structure of the substrate is sufficiently stable to resist mechanical unfolding by the
protease, the substrate is usually released [40]. In these instances, many cycles of
binding, attempted unfolding and release can occur before enzymatic denaturation
is successful, and the energetic cost of unfolding alone can exceed the hydrolysis
of 500 molecules of ATP [37].

Opinion TRENDS in Biochemical Sciences Vol.31 No.12 651

www.sciencedirect.com
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In bacteria the AAA+ proteins are responsible for  the degradation of mis-translated, regulatory 

and (biosynthetic) „unemployed“ metabolic proteins (Wiegert & Schumann, 2001; Dougan et al., 

2002b; Michalik et al., 2009; Gerth et al., 2008; Cohn et al., 2010; Turgay et al., 1998; Pan & 

Losick, 2003). Strains lacking the global protease clpP are negatively affected in growth at 

normal, low and high temperatures, adaption to limitation conditions and virulence potential 

(Michalik et al., 2009; Gerth et al., 2008; Frees et al., 2007; Cohn et al., 2010; Wiegert & 

Schumann, 2001; Michel et al., 2006). Furthermore, these cells accumulate aggregated proteins  

even under control (37°C) condition (Rosen et al., 2002; Kock et al., 2004b) pointing to the 

crucial role of ClpP in the vivid cell. Because ClpP essentially needs an ATPase for functionality, 

mutants in these specific HSP100/ClpP ATPases result in nearly the same drastic but differential 

phenotype. HSP100 proteins possess a dual function: Firstly as a co-acting ClpP associated 

protein for unfolding and translocation of substrate proteins and secondly as a chaperone apart 

from ClpP (Chatterjee et al., 2009).  

 

Regulation of heat shock proteins 
 
The transcription of the clp (caseinolytic proteins) and the chaperone  dnaK, groEL/ES genes are 

under control of the CtsR repressor (class three stress response repressor). The de-repression is 

triggered through a variety of environmental stresses, such as heat, oxidative, ethanol or extreme 

pH, which all deal with extensive damage to proteins leading to protein aggregation (Hartl & 

Hayer-Hartly, 2009) underlining the crucial role of CtsR dependent genes for the cell. In S. 

aureus, CtsR, the master regulator of protein quality control, regulates the clpC-operon (ctsR-

mcsA-mcsB-clpC), the monocistronic clpP, clpB genes as well as the groEL-groES operon, which  

are under dual control (CtsR and HrcA) (Frees et al., 2004; Elsholz et al., 2010a). In 

Staphylococci the complete HrcA-regulon is also under CtsR control, which is distinct from other 

low-GC Gram-positive bacteria such as Bacillus subtilis.  

The highly conserved CtsR repressor contains a winged helix-turn-helix (HTH) DNA binding 

domain (Fuhrmann 2009) and recognizes in it´s dimeric form a conserved direct heptanucleotide 

repeat sequence (A/GGTCAAANANA/GGTCAAA). Over several years a titration model was 

proposed for the de-repression of CtsR. Briefly, in non-stressed cells McsB is inhibited by ClpC, 

but due to the occurrence of protein aggregates upon heat stress, MecA possesses a higher 

affinity to the N-terminus of ClpC and thereby McsB is released. In turn the McsB kinase is 
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activated by McsA and can now phosphorylate CtsR resulting in de-repression (Kirstein et al., 

2009). But the described phosphorylation of CtsR by McsB (Fuhrmann 2009) leads only to a 

slow induction of clp gene expression and not to a rapid and strong induction after 2 minutes as it 

was observed upon heat stress (Krüger 1994). In addition a non-functional McsB-kinase removes 

CtsR from the DNA in vitro {Kirstein:2005bn}, which doubt the phosphorylation theory of CtsR.  

Recently we could show that CtsR activity is controlled in a McsB-independent manner in all 

tested low-GC Gram-positive bacteria (Elsholz et al., 2010b) and that the DNA-binding activity 

of CtsR is strictly temperature dependent. Under control conditions CtsR can bind to the DNA, 

but under heat shock conditions the affinity is dramatically reduced. The β-hairpin wing 

containing the highly conserved and flexible tetra-glycine loop was suggested to be crucial for 

the temperature sensing. Glycine residues are known for their high backbone conformational 

flexibility and more free energy is needed to maintain the native conformation due to the 

increased configurational entropy resulting in a decreased stability of the protein domain during 

heat exposure (Fig. 3). In Summary, CtsR itself can sense the heat and subsequently does not 

bind the DNA anymore (Elsholz et al., 2010b).!

Fig. 3 Scheme for  the de-repression of the CtsR-regulon under heat stress in Gram+ bacteria 
containing the tetracistronic ctsR-mcsA-mcsB-clpC operon.  (Elsholz et al., 2010). 
 
In addition de-repression of the CtsR-regulon takes place under protein stress that alters protein 

conformation and under thiol specific stress conditions (Elsholz et al., 2011b; Leichert et al., 

2003). During thiol-dependent stress the redox-sensing protein McsA, which is conserved over 

most of the phylum of Firmicutes, modulates McsB in its function. In the reduced state McsA 

inhibits McsB and CtsR cannot be removed from the DNA, whereas in the oxidized state the 

interaction of McsA and McsB is interrupted and McsB removes CtsR from the DNA resulting in 

de-repression (Elsholz et al., 2011b) (Fig. 4). 
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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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Proteolysis 
 

Substrate recognition for proteolysis 
 
Because of the high ATP consumption during the unfolding process for  the degradation through 

Clp proteins the selection of a protein for the degradation is crucial, otherwise the cell would 

waste a dramatical amount of energy. The knowledge about the exact degradation recognition 

mechanism is rather small. However, there are various protein sequences (degron sequences) 

known to allow targeting and subsequently degradation of a protein (Varshavsky, 1991). But no 

ubiquitous signal sequence of mechanism for substrate recognition was revealed so far. Moreover, 

would be a degron sequence the only trigger for degradation (Dougan et al., 2010), the targeted 

protein would be proteolyzed constantly.  

However, it seems that „unemployed“ proteins are degraded (Michalik et al., 2009; Gerth et al., 

2008; Pruteanu et al., 2007; Kock et al., 2004a). In addition, proteolysis is performed for specific 

regulatory processes by degradation of regulatory proteins (Nakano et al., 2002; Pan et al., 2001; 

Frees et al., 2007) or during the adaption to environmental stress conditions (Sauer et al., 2004). 

This suggests that the degron sequence could be masked inside the protein and that through 

conformational changes the degron sequence is presented to the proteases (Gur & Sauer 2008) or 

that partial cleavage is required to present the degron sequence on the protein surface (Chai 2001, 

Neher 2003). 

In case a ribosome stalls due to a incorrect mRNA, it is rescued through the addition of a peptide 

sequence (AANDENYALAA) via the tmRNA or SsrA to the so far translated peptide chain 

Fig. 4 Scheme for the de-repression of the CtsR-regulon under thiol-specific stress conditions 
in Gram+ bacteria containing the tetracistronic ctsR-mcsA-mcsB-clpC operon.  (Elsholz et al., 
2010). 
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(Keiler et al., 1996), which can be recognized  by the ribosome-associated adaptor protein (SspB) 

and is ClpXP dependent degraded (Park & Song, 2008).  

Recognition of a substrate by  the Hsp100/Clp proteins can be direct or indirect via an so called 

adaptor protein  (Baker & Sauer 2006, Kirstein 2009, Striebel 2009). These proteins can 

modulate the substrate spectrum of the HSP100/Clp proteins. Several adaptor proteins are 

identified, such as McsB, MecA, YpbH in B. subtilis and ClpS in E. coli (Dougan et al., 2002a; 

Elsholz et al., 2011a; Persuh et al., 2002). ClpC in B. subtilis for example needs essentially an 

adaptor protein, such as McsB or MecA, to fulfill  its ATP-dependent function (Elsholz et al., 

2011a; Kirstein et al., 2006). In addition, adaptor proteins serve a dual function: On the one hand 

for triggering the substrate candidates for proteolysis and on the other hand for the activation of 

the ATPase for unfolding and translocation (Kirstein et al., 2006; Elsholz et al., 2011a; Dougan 

et al., 2002a). In Escherichia coli ClpS can enhance the degradation of aggregated proteins by 

ClpAP, whereas the binding of the protease complex to SsrA-tagged substrates is inhibited 

(Dougan et al., 2002c).  

The McsB kinase is involved in the activation of ClpC and recently identified phosphorylations at 

specific arginine residues (R5/R254) in vitro as well in vivo appear important for the ATPase 

activity of the ClpCP protease complex (Elsholz et al., 2011a). This demonstrates the huge 

complexity and variability of the degradation system in the cell, which supports the cell during 

the various adaption processes, whereas the recognition of proteins for the global selective 

proteolysis remains still unclear. 

 

Methods for proteolysis detection 
 
Several basic approaches were already described to investigate protein degradation (Michalik et 

al., 2009; Gerth et al., 2008; Krüger et al., 2001). The simplest method is the Western blot 

analysis  with  identification of  a degraded protein via antibody mediated detection. However, 

translation must be stopped in the cell in order to get no further protein synthesis, because 

variations of target protein amount would lead to mis-interpretation of the data. Therefore, 

translation blocking antibiotics are used to overcome this problem, but antibiotics can induce a 

pleiotropic phenotype of the cell (Davis et al., 1986; Breukink, 2009; Viveiros et al., 2007). To 

solve this  problem pulse-chase approaches were developed. A pulse-chase experiment is per 

definition the labeling of the cells via a trackable isotopic substance (pulse, e.g. radioactive amino 
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acid), which is incorporated into the proteins followed by a huge  excess of another isotopic form 

of the same substance (chase, e.g. non-radioactive amino acid) resulting in a stop  of the 

incorporation of the pulse substance. This usually leads  to a clean degradation kinetic without  

disturbing the cell physiology. The separation of the pulse-chase samples can be performed by 

1D and 2D-PAGE (Gerth et al., 2008). The pulse-chase experiment followed by 1D-PAGE is 

accompanied by protein identification via immuno-precipitation. This approach guarantees  an 

excellent identification and quantification with high reproducibility. But only one protein can be 

investigated per experiment, which is very time-consuming  with regard to analysis of an entire 

proteome. The common global approach is based on 2D-PAGE, where the radioactively labeled 

pulse-chase protein extract obtained from several samples to gain a kinetic is separated via 2D-

PAGE. The degradation kinetic for single spots is detected by the exposition of the dried gels 

series to phosphor screens for the same time. The main problem is dilution of the trackable 

isotopic form of proteins due to growth and cell division. Therefore, the degradation kinetics 

must be corrected for the cell growth, which usually results in a great variation of the data. For 

this purpose, we improved the radioactive 2D-PAGE pulse-chase method through the addition of 

an internal marker protein  (14C-BSA, bovine serum albumine). This allows a better spot 

normalization and improves the detection of different degradation kinetics (Michalik et al., 2009), 

although the 2D-PAGE method itself possesses a rather low reproducibility in time course 

experiments (Schröder et al., 2008).  

 

Proteolysis during the adaption to glucose starvation 
 

Glucose starvation 
 
To characterize the life outside in the environment, it is necessary to investigate cellular 

processes under limitation condition because limitation is not exception but the rule in nature. 

Therefore glucose starvation experiments were developed (Bernhardt et al., 2003; Gerth et al., 

2008; Liebeke et al., 2011; Mandel & Silhavy, 2005; Ferenci, 1999). Under glucose starvation 

conditions the cell essentially needs to adapt the whole cellular physiology. For this reason the 

transcription of many catabolic genes is modulated for example through the carbon catabolite 

repression (CCR) via the catabolite control protein A (CcpA). In addition the activity of uptake 

systems is regulated via CCR, which is called PTS-mediated inducer exclusion (Deutscher et al., 
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2006).  

However when glucose is depleted, protein biosynthesis  dropped to approximately 10 % of the 

exponential growth phase protein translation rate (Michalik et al., 2009; Bernhardt et al., 2003).  

In addition a strong decrease of intracellular ATP and GTP levels can be detected and the cell 

metabolizes other given resources (Liebeke et al., 2011; Michalik et al., 2009, Michalik et al., in 

submission). The global regulator CodY can sense the availability of extracellular resources 

through the direct interaction of intracellular effector molecules (GTP, isoleucine), which are 

rapidly decreased in their intracellular amount in the stationary growth phase (Handke et al., 

2007; Liebeke et al., 2011) resulting in a modulation of the expression of ca. 200 genes 

(Majerczyk et al., 2010).  

Both regulators, CcpA and CodY possess a substantial regulatory role concerning the central 

metabolism in the bacterial cell (Fig. 5) (Sonenshein, 2007). In addition SigB, the general stress 

sigma factor, which is basically active in the stationary growth phase, modulates the expression 

of approximately 250 genes (Bischoff et al., 2004). Furthermore the growth phase dependent 

stringent control leads to a dramatic decrease of many vegetative proteins (e.g. proteins involved 

in RNA and protein synthesis) (Sonenshein et al., 2007). The global regulation through CcpA, 

CodY, SigB and stringent control during the entry in the stationary phase results in a dramatical 

reprogramming of the gene expression in the cell in order to adapt to resource limiting conditions. 

Fig. 5 Overview of the regulation of the central metabolism through CodY and CcpA  
(Sonenshein et al., 2007). 
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Proteolysis during glucose starvation conditions 
 
The modulation of the gene expression as response to limitation conditions is not sufficient for 

the adaption of the whole cell. Generally, the players of live, the proteins, must be either 

modulated in their function (e.g., protein modification) or are proteolyzed to obtain a sensible 

energetic balance in the cell (Pine, 1973; Hu & Switzer, 1995; Kock et al., 2004a; Michalik et al., 

2009; Gerth et al., 2008). 

 

Bacillus subtilis 
 

In the gram-positive model organism B. subtilis, we detected approximately 200 proteins that 

were degraded in the stationary growth phase induced by glucose depletion via a 2D-PAGE 

based pulse-chase approach (pI 4-7) (Gerth et al., 2008). Investigating the role of different ClpP 

associated ATPases (ClpX, ClpC, ClpE) and ClpP itself in B. subtilis, revealed  that mainly the 

ClpCP protease complex is necessary for the down-regulation of central metabolic pathways via 

degradation of many selected proteins in the stationary phase. However not all  proteins degraded 

in wild-type cells were stabilized in a clpP or clpC mutant suggesting backup systems (e.g., Lon, 

FtsZ, ClpYQ) in the cell. Enzymes of the amino acid and nucleotide biosynthesis  were over-

represented among the degradation candidates. Furthermore enzymes catalyzing the first-

committed steps for biosynthesis of aromatic and branched-chain amino acids, cell wall 

precursors, purines and pyrimidines are bona-fide degradation candidates to shut-down selected 

metabolic pathways (Gerth et al., 2008; Kock et al., 2004a). In addition we were able to  show a 

detailed degradation kinetic for enzymes such as IlvB (acetolactate synthase), GlmS (L-

glutamine-D-fructose-6-phosphate-amidotransferase), PurF (glutamine-phosphoribosyl-pyro-

phosphate-amidotransferase) and MurAA (UDP-N-acetylglucosamine 1-carboxyvinyl-

transferase) by pulse-chase labeling, immuno-precipitation and 1D-PAGE (Gerth et al., 2008).  

The results suggest that obviously non-functional,  non-protected or „unemployed“ proteins seem 

to be recognized and proteolyzed by the Clp proteases when resources for growth become limited 

(Gerth et al., 2008). 

 

Staphylococcus aureus 
 

To get a better understanding of the basic physiology of the human pathogen Staphylococcus 
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aureus, we used the same methods  to monitor  protein degradation on a proteome wide scale. In 

a first instance, we had to adapt the previously used chemically defined media (Gertz et al., 1999), 

which was not applicable for a radioactive pulse-chase approach under glucose starvation 

conditions, because no stable stationary phase  could be obtained during the pulse-chase  

experiment.  

28 h
0 h

Fig. 6 Pulse-chase experiment followed by 2D-PAGE of S. aureus COL cells. 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  (Michalik et al., 2009). 
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For this purpose we altered the number and amount of amino acids to only seven (alanine, 

glycine, valine, isoleucine, arginine, proline and cysteine), which were added in equimolar 

concentrations (0.75 mM final concentration) (Michalik et al., 2009). This modification allowed 

exponential growth, although with a slower growth rate of S. aureus COL in shaking flasks and 

ensured a stable stationary phase for the application of a pulse-chase apprach. After another 

addition of glucose to the starving cells, they immediately started to grow again proofing a 

glucose starvation induced stationary phase. Furthermore, alanine and glycine were consumed 

after the depletion of glucose (Michalik et al., 2009) probably as alternative carbon source.  

A recent study showed that S. aureus decreases the cell volume down to two-thirds of the initial 

mid-exponential cell size in the stationary phase (Maass et al., 2011). 

Due to the high intracellular protein density (McGuffee & Elcock, 2010), the cell can only shrink 

through proteolysis of proteins that were no longer needed. We detected a global over-all protein 

degradation in the stationary phase down to approximately 50-60 % compared to the mid-

exponential phase and a simultaneous drop of the translation rate to 10 % (Michalik et al., 2009). 

Similar results were obtained for several other bacteria (Werner-Washburne et al., 1993; 

Weichart et al., 2003; Jenal, 2003; Gottesman, 2003) suggesting cell size shrinking coupled 

proteolysis as general adaption behavior to save  energy and to overcome the limitation 

conditions. However,  proteolysis is highly selective and only „unemployed“ proteins or more 

precisely proteins without a ligand seemed to be affected by  degradation (Gerth et al., 2008; 

Michalik et al., 2009; Kock et al., 2004a; Pruteanu et al., 2007). In S. aureus we found a 

remarkable overlap of the degraded protein groups in comparison to B. subtilis with a 2D-PAGE 

based pulse-chase approach (Michalik et al., 2009). For example many proteins responsible for 

the biosynthesis of amino acids and nucleotides were found to be degraded (Fig. 6). Among 

others NrdEF and LeuCD were heavily degraded. NrdE and NrdF (ribonucleoside-diphosphate 

reductase large and small subunit) are needed for aerobic and anaerobic growth (Härtig et al., 

2006) and they are responsible for the conversion of ribonucleotides to desoxy-ribonucleotides, 

which are essential for the synthesis of DNA during the reproduction phase. Because no 

chromosomal replication is performed in the stationary growth phase, dNTP´s and subsequently 

NrdEF are no longer needed. So these „unemployed“ proteins were degraded in the early 

stationary phase. Also LeuCD (3-isopropylmalate dehydratase large and small subunit), which 

are key enzymes for the production of L-leucine, were rapidly degraded and the central metabolic 

pathway for leucine production was shut down. In addition these two example indicating that 
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enzyme complexes, which are triggered for proteolysis, are degraded simultaneously, indicating 

that a protein-complex recognition mechanism for degradation must exist. However one big 

advantage of the 2D-PAGE is the detection of different protein species (Hecker et al., 2009). We 

could identify IlvA2 (threonine dehydratase) and Asp23 (SACOL2173, alkaline shock protein 

23) to be modified during the entry in the stationary growth phase (Michalik et al., 2009). 

However, the 2D-PAGE technic possesses also some drawbacks, such as low reproduceability 

and reliability, a protein spot can contain more that one proteins making data interpretation 

difficult and the inability to resolve very large (>200 kDa), to very small (<8 kDa), acidic (pI<3), 

alkaline  proteins (pI>8) and membrane associated proteins (Issaq & Veenstra, 2008). 

  

Monitoring proteolysis via mass spectrometry 
 
Several mass spectrometry based methods were developed for the quantification of entire 

proteomes (Domon & Aebersold, 2006; Ong & Mann, 2005). Stable isotope labeling by amino 

acid in cell culture  (SILAC) proofed as a highly reliable, simple and well established method for 

protein quantification (Ong et al., 2002). Further refinement of the SILAC approach results in the 

pSILAC (pulse SIALC) setup (Ebner & Selbach, 2011; Schwanhäusser et al., 2009), whereby 

quantification of protein synthesis was available. To overcome the drawbacks of the 2D-PAGE 

coupled with the pusle-chase approach, we developed a mass spectrometry based pulse-chase 

approach for bacteria with some accidentally similarities to a recent published method using 

human cell lines (Boisvert et al., 2011) (Fig. 7) (Michalik et al., in submission). !
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Fig. 7 Schematic presentation of the pulse-chase SILAC approach. A-E: scheme of the 
possible assertions for detectable proteins  (Michalik et al.,in submission). 
 
Briefly, cells were grown in a chemically defined medium containing heavy labeled amino acids 

(13C-arginine, 13C-lysine; pulse). When the cells reached the mid-exponential growth phase they 

were rapidly shifted to a medium containing light amino acids (12C-arginine, 12C-lysine; chase) 

followed by repeated sampling over time. To quantify the single isotopic protein forms (13C- or 
12C-protein) an external standard was used, which was obtained by pooling the exponential and 

stationary cells grown in 15N supplemented medium. By adding the standard (15N) to each pulse-

chase sample (13C/12C) we are able to quantify the 13C- and 12C -labeled proteins along the timeline 

with high reproducibility (Michalik et al., in submission). By combination with ultra-

centrifugation we distinguished between soluble (cytoplasmic proteins) and non-soluble 

(membrane and aggregated proteins) proteome (Otto et al., 2010). This result in a better proteome 

coverage than using the 2D-PAGE based technique (de Godoy et al., 2006; Becher et al., 2009; 

2011). 
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More  than 900 proteins were quantified in S.aureus over the time course, which roughly 

corresponds the  number of detectable proteins in a recent study (Becher et al., 2009). The 

identified degradation candidates overlap in most cases with proteolysis targets found by using 

2D-PAGE (Michalik et al., in submission).  

As already earlier suggested in E. coli and S. aureus (Zundel et al., 2009, Becher et al., 2009), we 

could confirm that the ribosomes are the main protein degradation targets during the stationary 

phase of S.aureus (Fig. 8) (Michalik et al., in submission), which was also proposed for free 

ribosomes in eukaryotes (Lam et al., 2007). In addition we could show that the selective 

proteolysis depends mainly on functional categories (e.g. ribosomal proteins, biosynthetic 

enzymes) and not on specific regulons (e.g. CcpA, SigB) (Michalik et al., in submission). 

Glycolytic enzmyes were found slightly degraded with a similar kinetic (Michalik et al., 2009; 

Gerth et al., 2008) (Michalik et al., in submission), whereas most of the citric acid cycle enzymes 

remained stable under glucose starving conditions. However, the entire pyruvate dehydrogenase 

complex (PdhABCD) moved from the soluble into the non-soluble fraction, suggesting a 

functional switch of the enzyme complex (Michalik et al., in submission).  Enzymes involved in 

nucleotide and enzymes of amino acid biosynthesis decreased dramatically showing a highly 

selective proteolysis during the adaption to starving conditions. 

!

Role of ClpP in Staphylococcus aureus 
 
ClpP, which is the major protease in B.subtilis (Kock et al., 2004b), is involved in a variety of 

cellular processes in S.aureus, such as protein quality control, cell adaption and virulence (Frees 

et al., 2004; Wang et al., 2007; Michel et al., 2006). 

For the investigation of the role of the protease ClpP in protein degradation in S.aureus an in-

frame clpP deletion mutant was analyzed via pulse-chase SILAC (Michalik et al., in submission). 

As previously shown in B.subtilis and other bacteria a loss of clpP resulted in stronger protein 

aggregation in the cell (Kock et al., 2004b; García-Fruitós et al., 2007; Krüger et al., 2000) 

(Michalik et al., in submission) (Fig. 8). In the newly created chemically defined medium, the 

mutant showed approximately a double generation time of the wild-type (gwild-type = 1.16 h; g∆clpP = 

2.03 h). Furthermore, stronger pigmentation (staphyloxanthin) and smaller colonies were found 

for the ∆clpP strain (Michalik et al., in submission).  

Recent in vitro studies show a high production of reactive oxygen species (ROS) during the early 
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stages of protein aggregation. Metal ions like copper or iron ions are bound to the aggregate and 

were reduced. Consequently the Fenton-reaction is performed with free oxygen resulting in the 

production of reactive oxygen species (Tabner et al., 2005; 2010; 2001). 

The oxidative stress response in the clpP mutant is reflected by a strong induction of  the PerR-

dependent genes (Horsburgh et al., 2001). The ahpC-ahpF (alkyl hydroperoxide reductase 

small/large subunit) and ftnA gene products (ferritin) (Michalik et al., in submission) are needed 

for detoxification. Furthermore that CodY dependent genes were strongly repressed in the clpP 

mutant. The rather low expression of the pur-operon (purine biosynthesis), ilv-leu-operon 

(leucine and isoleucine biosynthesis) and suc-operon (succinate dehydrogenase) (Majerczyk et al., 

2010; Pavel S Novichkov, 2010) might be one reason for the poor growth of the mutant.  In 

addition the catalase KatA is under dual control of PerR and CodY in S.aureus (Horsburgh et al., 

2001; Pohl et al., 2009; Majerczyk et al., 2010) and was not significantly elevated in the amount 

in the clpP mutant compared to the wild-type and could be a result of the strong CodY-binding. 

We could show that the clpP mutant possess a higher GTP level in comparison to the wild-type in 

exponentially growing cells (Michalik et al., in submission). A higher GTP level in the presence 

of L-isoleucine results in effector molecule induced binding of CodY to target genes in vitro 

(Handke et al., 2007), which could explain the strong CodY repression phenotype in the clpP 

mutant strain. Moreover, we found via a lower level of amino acids in ∆clpP cells compared to 

the wild-type cells via an intracellular metabolome analysis, which correlates with the protein 

data (Michalik et al., in submission).  

However, substrate proteins that are degraded in the wild-type get in-soluble in the clpP mutant 

over time indicating a molecular mechanism of increased hydrophobicity through the loss of a 

ligand (El-Mashtoly et al., 2007). It is suggested, that these hydrophobic regions can be 

recognized by the protease complex.  

We could show that the mutant alternatively responds with a higher expression of chaperones like 

GroEL/ES, DnaK and ClpB proteins, which are under control of CtsR, to cope with the increased 

amount of non-soluble and aggregated. The molecular reason for the strong de-repression of ctsR 

dependent genes may based on the enhanced protein stress in the clpP mutant. However, the 

renaturation of aggregated/non-soluble proteins mainly occurs in growing cells, but during the 

entry into the stationary phase the renaturation activity drops dramatically (Michalik et al., in 

submission). This is due to ATP depletion in the stationary phase (Liebeke et al., 2011) 

inactivating chaperones like GroEL/ES (Chaudhuri et al., 2009). 
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In addition a high urease activity was observed in a clpP mutant in S.aureus (Michel et al., 2006), 

which is also important to cope with protein aggregation. The urease is strongly expressed under 

different stress conditions, which induce protein aggregation like heat-shock, ethanol stress and 

acid shock (Korem et al., 2010; Anderson et al., 2006; Bore et al., 2007). However heat-shock 

and protein aggregation result in a dramatic drop of the intracellular pH-value (Weitzel et al., 

1985), which is probably counteracted by the urease. Furthermore, it could be shown that the 

GroEL/ES chaperone needs ammonium sulfate for functional refolding in vitro (Ybarra & 

Horowitz, 1995) and ammonium sulfate itself supports protein de novo renaturation in vitro 

(Maeda et al., 1996), like glycerol, which also was found in drastic higher levels in the clpP 

mutant compared to the wild-type. In summary, a putative and simplified model is presented for 

the pleitropic phenotype of clpP deletion in S.aureus (Fig. 9), which might be conserved in all 

low GC, Gram-positive bacteria. 

Concluding remarks 
 

This work compares gel-based and gel-free methods for the characterization of the cellular 

proteolysis on a proteome wide scale. We were able to track protein synthesis, accumulation and 

degradation at the same time on a proteome-wide scale in the human pathogen Staphylococcus 

aureus. By monitoring the protein stability profiles of a wild type and an isogenic major protease 

(clpP) mutant strain during glucose starvation, we found that proteins required in growing cells 

and no longer needed in non-growing cells are susceptible to degradation (e.g. ribosomal proteins, 

biosynthetic enzymes etc.), whereas proteins particularly required and synthesized in glucose-

starved cells such as TCA cycle and gluconeogenetic enzymes are absolutely stable. Furthermore 

many destabilized proteins were prone to aggregation in the clpP mutant. Oxidative and protein 

stress responses, the deregulation of virulence factors and a stronger CodY repression in the clpP 

mutant point at a close link between cell physiology and pathogenicity. 
(Baker & Sauer, 2006; Horwich et al., 1999; Elsholz et al., 2011b; Sonenshein, 2007; Edelmann & Gallant, 1977; Tyedmers et al., 2010; Tabner 

et al., 2010; 2005; 2001; Ybarra & Horowitz, 1995; Bernhardt et al., 2009)!
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Fig.%9!Schematic model of the mechanisms underlying the pleiotropic clpP mutant phenotype. 
Owing to the lack of clpP the mutant cells accumulate non-soluble proteins. Consequently, 
these proteins are no longer able to exert their function. This promotes a higher level of GTP 
in the cells due to the lower ribosomal activity, which results in a strong repression of CodY-
regulated genes. The consequence is a low production of branched-chain amino acids due to 
low amounts of corresponding biosynthetic enzymes. This leads to a higher level of 
uncharged tRNA and result in a weak activation of the stringent response, with decreased 
expression of ribosomal proteins. In addition the protein stress / reactive oxygen species 
(ROS) production through the protein aggregation leads to a strong induction of the CtsR and 
PerR -regulons resulting in a high amount of chaperones and detoxification enzymes. 
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Entry into stationary phase in Bacillus subtilis is linked not only to a redirection of the gene expression
program but also to posttranslational events such as protein degradation. Using 35S-labeled methionine
pulse-chase labeling and two-dimensional polyacrylamide gel electrophoresis we monitored the intracellular
proteolysis pattern during glucose starvation. Approximately 200 protein spots diminished in the wild-type
cells during an 8-h time course. The degradation rate of at least 80 proteins was significantly reduced in clpP,
clpC, and clpX mutant strains. Enzymes of amino acid and nucleotide metabolism were overrepresented among
these Clp substrate candidates. Notably, several first-committed-step enzymes for biosynthesis of aromatic and
branched-chain amino acids, cell wall precursors, purines, and pyrimidines appeared as putative Clp sub-
strates. Radioimmunoprecipitation demonstrated GlmS, IlvB, PurF, and PyrB to be novel ClpCP targets. Our
data imply that Clp proteases down-regulate central metabolic pathways upon entry into a nongrowing state
and thus contribute to the adaptation to nutrient starvation. Proteins that are obviously nonfunctional,
unprotected, or even “unemployed” seem to be recognized and proteolyzed by Clp proteases when the resources
for growth become limited.

In its natural environment, the free-living and plant-associ-
ated gram-positive soil bacterium Bacillus subtilis often en-
counters poor nutrient supply. Upon entering the nongrowing
state, e.g., owing to glucose exhaustion, general stress and
starvation proteins are induced. The general stress response
comprises the induction of "B-dependent genes, the stringent
response, and sporulation, whereas the glucose starvation-spe-
cific response additionally consists of proteins for the utiliza-
tion of alternative carbon sources and gluconeogenesis (6).
The major physiological role of the stringent response is to
prevent the continued synthesis of proteins no longer required
for nongrowing cells. Almost 1,000 genes are no longer ex-
pressed when cells enter the stationary phase induced by glu-
cose starvation, most of them being under negative stringent
control (6, 13, 25). The issue arises of whether proteins that are
no longer required and that are available in excess in nongrow-
ing cells are stable. Glucose starvation not only affects the
synthesis rates of adaptive proteins but also elicits the break-
down of already existing proteins.

Apart from the ATP-dependent proteases LonA (42, 44),
LonB (30, 45), FtsH (51), and HslUV (also called ClpYQ; see
reference 20), the Clp proteases represent the main intracel-
lular proteolytic systems in B. subtilis (14, 15, 27, 28, 34–36, 40,
46). Clp proteins form hetero-oligomeric complexes with
AAA! ATPases (ATPases associated with a variety of cellular

activities) and a proteolytic component. The ATPases possess
chaperone activity and interact as hexameric rings with the
proteolytic component ClpP composed of two heptameric
rings (21, 47) to degrade selected proteins (reviewed in refer-
ence 16). Three different Clp ATPases exist in B. subtilis, ClpC,
ClpE, and ClpX, all of which can form complexes with ClpP
(14). The ATPases, assisted by adaptor proteins, recognize
substrates and deliver them in an unfolded state in an ATP-
dependent process to ClpP for degradation (16). Clp-mediated
proteolysis is important not only during heat stress to remove
denatured and aggregated proteins (3, 15, 27–29, 34, 48) but
also for processes observed during stationary phase such as
extracellular enzyme synthesis, motility, competence develop-
ment, and sporulation (11, 35, 36, 40, 46).

A few specific Clp substrates in B. subtilis have already been
identified and characterized. ComK, the transcriptional activa-
tor of competence genes (46), and SpoIIAB, the anti-sigma
factor of the sporulation sigma factor "F (40), are degraded by
ClpCP. CtsR, the transcriptional repressor of the class III heat
shock genes, previously has been shown to be degraded by
ClpCP and ClpEP (24, 29, 34). HrcA, the repressor of class I
heat shock genes, is degraded primarily by ClpXP when fused
to an artificial ssrA degradation tag (50). Spx, a transcriptional
regulator that inhibits activator-stimulated transcription by in-
teraction with the C-terminal domain of the # subunit of the
RNA polymerase (e.g., comA and resD) but activates transcrip-
tion of certain genes in response to oxidative stress (e.g., trxA
and trxB), previously was identified as a ClpXP substrate in B.
subtilis (37, 38). However, not only transcriptional regulators
but also a biosynthetic enzyme such as MurAA, catalyzing the
first committed step in cell wall biosynthesis, has been discov-
ered to be a bona fide ClpCP substrate (26).

* Corresponding author. Mailing address: Ernst-Moritz-Arndt-Uni-
versity, Institute of Microbiology, F.-L.-Jahn-Str. 15, D-17487 Greif-
swald, Germany. Phone: 49-3834-864216. Fax: 49-3834-864202. E-mail:
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In this study, we monitored the stability of exponential-
phase intracellular B. subtilis proteins during glucose-limited
growth arrest for 8 h in the wild-type cells and in clpP, clpC,
and clpX mutant cells by two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE). Nearly one-fifth of all detected
protein spots on a 2D gel with ca. 1,000 spots significantly
decreased in intensity in the course of the stationary phase, and
for ca. 80 of these spots the decrease was attenuated in the clpP
mutant results. Among the Clp substrate candidates, enzymes
of amino acid and nucleotide metabolism were clearly over-
represented. Intriguingly, several of the putative Clp substrates
are first-committed-step enzymes of biosynthetic pathways for
glutamate, aromatic amino acids, branched-chain amino acids,
cell wall synthesis, purines, and pyrimidines. We demonstrated
by immunoprecipitation that GlmS, IlvB, PurF, and PyrB are
novel ClpCP substrates. In summary, our data imply that Clp-
dependent proteolysis in B. subtilis efficiently shuts down cen-
tral metabolic pathways under nongrowth conditions.

MATERIALS AND METHODS

Pulse-chase labeling and 2D PAGE. B. subtilis 168 cells and isogenic clpP,
clpC, and clpX mutants (QB4916, BUG8, and chromosomal DNA of BEK90
transformed into the strain 168 background; see reference 14) 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 !Ci 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. To allow growth and labeling of the
clp mutant strains, 0.01% yeast extract had to be added to the minimal medium.
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 " g, 4°C, 10
min), and washed in 500 !l and resuspended in 400 !l 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 " g, 4°C, 30 min), and
aliquots of the supernatant were used for measuring protein concentrations
(Roti-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; Amer-
sham Biosciences) (pH4 to pH7) loaded with 80 !g of radiolabeled protein extract
(6). The radioactivity of the t0 sample was used to define the exposure time of a
whole-gel 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 reso-
lution of 200 !m. Samples were prepared and analyzed in parallel in two inde-
pendent experiments.

Dual-channel imaging, warping, and spot quantitation. Dual-channel imaging
allowed visualization of changes in the protein pattern (5, 6). 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 ap-
peared yellow, while spots of instable proteins turned red during the chase.
Combining the dual-color gel images from the wild-type results in a successive
series yielded a time-lapse “2D-PAGE degradation movie” (see video S1 in the
supplemental material).

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 com-
pared with a comprehensive B. subtilis 2D master gel (12) 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-trans-
ferred to the constituent gels and served as a basis for the subsequent quantita-
tion of relative spot intensities. Quantitation data were exported to Excel soft-

ware (Microsoft), and the normalized spot volumes were calculated and
corrected for the cell growth accordingly.

Purification of His6-tagged IlvB and GlmS and antisera production. For
overproduction of B. subtilis IlvB and GlmS in Escherichia coli BL21(DE3)pLysS,
the genes were amplified by PCR using Platinum Pfx DNA polymerase (Invitro-
gen) and the following forward and reverse primer pairs (restriction enzyme
recognition sites underlined): primers IKilvB-Bam-for (5#-CGGGATCCATGG
GGACTAATGTACAGGT-3#) and IKilvB-Kpn-rev (5#-GGGGTACCCCTCA
AGGTTTCACCCCCACCA-3# and primers IKglmS-Bam-for (5#-CGGGATCC
ATGTGTGGAATCGTAGGTTA-3# and IKglmS-Kpn-rev (5#-GGGGTACCC
CTTACTCCACAGTAACACTCT-3#).

The obtained PCR fragments were digested with BamHI or KpnI and cloned
into pRSETA overexpression vectors (Invitrogen) containing the codons for six
N-terminal histidine residues and a linker region fused to the target protein. The
correctness of the coding sequence was confirmed by DNA sequencing (Agowa
GmbH, Berlin, Germany). Recombinant His-tagged proteins (His6-IlvB and
His6-GlmS) were expressed in E. coli after addition of 1 mM IPTG (isopropyl-
$-D-thiogalactopyranoside) for at least 1 h and purified by nickel-nitrilotriacetic
acid chelate affinity chromatography under denaturating (His6-IlvB) or native
(His6-GlmS) conditions according to standard procedures of the manufacturer
(Qiagen). The purified His6-IlvB and His6-GlmS proteins were used for custom
antiserum production in rabbits by a standard immunization protocol (Pineda,
Germany). Antibodies were prepared as previously described for MurAA (26),
PurF (17), and PyrB (18).

Pulse-chase labeling and immunoprecipitation. For assaying the stability of
GapA, GlmS, IlvB, MurAA, PurF, and PyrB in wild-type cells and clp mutants,
cells were grown in glucose-limited (0.05%) Belitsky minimal medium without
citrate supplemented with 0.01% yeast extract at 37°C. At an optical density at
500 nm of 0.5, cells were labeled with L-[35S]-labeled methionine (16.7 !Ci/ml).
After 10 min of labeling, the radioactive methionine was chased by addition of a
600,000-fold molar excess of cold methionine and samples of 4 ml were taken at
0, 1, 2, 4, 6 and 8 h. After centrifugation (10,000 " g at 4°C for 10 min), cells were
resuspended in 53.3 !l of lysis buffer (50 mM Tris-HCl [pH 7.5], 5 mM EDTA,
4 mg/ml [wt/vol] lysozyme, 1.4 mM PMSF) and incubated for 20 min at 37°C. For
complete cell lysis 8 !l of 10% (wt/vol) sodium dodecyl sulfate (SDS) was added
and the samples were incubated for 5 min at 95°C. Then, 720 !l of KI buffer (50
mM Tris-HCl [pH 8.0], 1 mM EDTA, 150 mM NaCl, 1% [vol/vol] Triton X-100,
1.4 mM PMSF) was added and samples were incubated on ice for 15 min. After
centrifugation (10,000 " g, 4°C, 45 min) the supernatants were incubated with
specific polyclonal antisera (diluted 1:30) overnight with slow-tilt rotation at 4°C.
A suspension of 40 !l of protein A-coated Dynabeads (Dynal) equilibrated with
KI buffer was added to each sample for an additional incubation time of 2 h. The
beads were washed three times in 500 !l of KI buffer and finally boiled in 10 !l
of SDS sample buffer for 5 min at 95°C. The samples were separated by SDS-
PAGE using Mini-Protean cells (Bio-Rad) with an appropriate marker (Page-
Ruler prestained protein ladder; Fermentas). After electrophoresis gels were
vacuum-dried and exposed to phosphor screens (Molecular Dynamics) over-
night. Autoradiographs were scanned with an SI PhosphorImager (Molecular
Dynamics) or a Storm 840 system (Molecular Dynamics). Antigen-specific sig-
nals were evaluated by size comparisons with the transferred marker, quantitated
with ImageQuant (Molecular Dynamics), and used to calculate regression curves
for half-life determinations.

RESULTS

Entry into glucose-limited stationary phase triggers exten-
sive intracellular protein degradation in wild-type B. subtilis.
To detect protein degradation during glucose starvation we
performed radioactive pulse-chase labeling of exponentially
growing cells followed by a 2D separation between pI4 and pI7
of consecutive samples drawn between 0 and 8 h of chase. Most
of the metabolic enzymes are visualized in this main proteomic
window (12). The normalized spot volumes of the matched 2D
autoradiographs were used to distinguish between degradation
and stabilization. For visualization we superimposed false-col-
ored gels of the wild-type series to generate a time-lapse “pro-
tein degradation movie” with red-turning spots as putative
degradation candidates (see video S1 in the supplemental ma-
terial).
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After quantitation nearly 200 protein spots appeared to de-
crease in intensity during the time span in the wild-type cell
assay. More than 70% of these showed a reduction in intensity
of at least a third (i.e., from 100% at t0 to an at least 66.6%
normalized spot volume after 8 h), among them spots repre-
senting many anabolic enzymes (Fig. 1). Enzymes involved in
amino acid, cell wall, and nucleic acid synthesis were prefer-
entially affected, at least in the investigated “2D window” (Ta-
ble 1), but enzymes for vitamin biosynthesis, aminoacyl-tRNA
synthetases, the large subunit of the glutamate synthase
(GltA), the pyruvate carboxylase (PycA), and the cold shock
protein CspD also decreased. Furthermore, some general
stress proteins, the glucose-inhibited division proteins (Gid,
GidA), the chromosome replication initiation protein DnaA,
the chemotaxis protein CheW, and the glutamate dehydroge-
nase protein RocG, as well as an inactive glutamate dehydro-
genase (GudB; see reference 4), seemed to be unstable. More-
over, methylthioribose recycling enzymes, proteins involved in
surfactin production and competence (SrfAC), and SpoVG,
which is required for spore cortex synthesis, were degraded.
Likewise, several proteins of unknown function were found to
be diminished, namely, YhaM, a member of a newly identified
3!-to-5! exonuclease family (39); YkqC, a recently identified
essential RNase RNase J1 that processes 16S rRNA (8) and
colocalizes with ribosomes (19); YkuU, which exhibits similar-
ity to 2-cys peroxiredoxins; YugI, a putative polyribonucleotide
nucleotidyltransferase; YurP, a putative glutamine-fructose-6-
phosphate transaminase involved in the metabolism of "-gly-
cated amino acids (49); and Zwf, a glucose-6-phosphate dehy-
drogenase, as well as other as-yet-unidentified proteins
(represented by D-labeled spots; see Fig. 1 to 4). In some cases
modified forms of the same enzyme, probably deformylated
variants with and without start methionine and formylated
forms (2), for example, GltA, GltA1, and GltA2, IlvB1 and
IlvB2, LeuC1 and LeuC2, MetE1 and MetE2, PurB1 and
PurB2, PycA, PycA1, and PycA2, ThiC1 and ThiC2, and ThrS1
and ThrS2, were found to have been degraded.

The most clearly degraded putative degradation candidates
are listed in Table 1 according to their functional categories.

Protein degradation is attenuated in clp gene mutants. To
ascertain whether the Clp protease is involved in the observed
broad protein breakdown pattern and to identify novel Clp
substrate candidates the pulse-chase labeling experiment was
repeated with isogenic clp mutants, i.e., single-knockout mu-
tants of the clpP peptidase and the clpC and clpX ATPase
genes. The ClpE ATPase was not synthesized in the wild-type
experiments under the tested conditions, and the results seen
with a clpE mutant gel series resembled those seen with the
wild-type series, which indicates that ClpE is not involved in
the degradation of proteins during glucose starvation (data not
shown). Spots were regarded as representing greater stability
compared to the wild-type results when the normalized and
corrected spot volume remained at 66% or more in a clp
mutant gel series over the 8-h time course. Some proteins
showed up as being degraded independently of Clp or were
modified or disappeared from the cytosolic fraction, because
the spots in this category decreased in both the wild-type and
the clp mutant cell results. Examples are CspD, the acidic Efp
spot, GudB, MoeA, SpoVG, MetC2 (see reference 1), and
YurU (Fig. 1, 2, 3, and 4; Table 1). For many proteins a

relatively high variability of the spot intensity values was ob-
served, with the result that numerous spots did not pass the
66% stabilization threshold in the clp mutants. However, we
concluded that approximately 80 protein species are Clp sub-
strates, as assessed by significantly slower degradation kinetics
in the clpP mutant and either of the clpC and clpX mutant
results. With respect to the ATPase involved in degradation,
most of the ClpP-dependent spots appeared to be linked to
ClpC and some showed overlapping substrate specificity with
respect to ClpC and ClpX (e.g., for GyrA, 90% stabilization in
a clpC mutant and 100% stabilization in a clpX mutant) (Table
1). Almost no protein spot was able to be assigned to ClpXP
alone, at least not within the 2D PAGE window investigated
under the conditions tested. We tried to corroborate this spec-
ificity overlap by constructing a clpC/clpX double mutant and
assessing protein stability in this mutant. Unfortunately, the
double mutant was not viable in minimal medium. Several
putative Clp substrates are involved in the metabolism of
amino acids and related molecules (CarB, AroA, GlmS, GltA,
IlvB, IlvC, IlvD, LeuC, LeuD, LysC", LysC#, MetE, MetI [see
reference 1], and ThrC) and in the metabolism of nucleotides
and nucleic acids (PurB, PurF, PurL, PurQ, PurS, and PyrB).
The spots corresponding to about 30 potential substrates have
not been identified so far using the B. subtilis proteome (D-
labeled spots), because these spots are difficult to localize on
stained 2D gels. The remaining spots represented proteins
from various functional categories (Table 1).

Clp-dependent proteolysis shuts down central biosynthetic
pathways. Intriguingly, some of the identified Clp substrate
candidates catalyze first committed steps of biosynthetic path-
ways: GlmS and MurAA supply precursors of cell wall synthe-
sis; AroA carries out the first reaction for formation of the
aromatic amino acids whereas IlvB initiates the biosynthesis of
the branched-chain amino acids and GltA converts alpha-ke-
toglutarate into glutamate and seems also involved in biofilm
formation (9); and CarB and PyrB mark the beginning of
pyrimidine biosynthesis and PurF marks that of purine biosyn-
thesis. PycA fuels the anaplerotic shunt by which pyruvate is
converted into oxaloacetate to replenish the citric acid cycle.

In order to assess the influence of the Clp proteins on the
stability of some of these crucial proteins in vivo we used
freshly produced or available antisera to immunoprecipitate
GlmS, MurAA, IlvB, PurF, and PyrB from wild-type and clp
mutant cell extracts in a pulse-chase setup. In all five cases the
autoradiographs showed stabilization in the clpP and clpC mu-
tant assays as opposed to degradation in the wild-type and the
clpX mutant assays (Fig. 5). The half-live of all of these en-
zymes was roughly 1.5 h in wild-type cells during the early
stationary phase, as determined by analysis of the quantified
band intensities (Fig. 5).

DISCUSSION

Protein degradation is increasingly acknowledged as an es-
sential posttranslational mechanism to exert regulatory
switches and readjust the distribution of cellular resources. In
B. subtilis, Clp proteases are the main components of ATP-
dependent degradation, and clp mutants show highly pleiotro-
pic phenotypes (15, 28, 34, 35). So far, denatured proteins or
specific regulatory proteins (e.g., ComK, SpoIIAB, CtsR, Spx)
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FIG. 1. Pulse-chase experiment followed by 2D PAGE of B. subtilis 168 wild-type cells. A false-colored gel-pair image is shown (red, 0 h after
labeling; green, 8 h after labeling).
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have been identified as targets for proteolysis. In this report we
suggest that proteins no longer required by the cells and, as a
consequence, no longer protected against proteolysis form a
third class of Clp target proteins. This study was aimed at
pinpointing proteins that are degraded after entry into glucose-
limited stationary phase and at assessing which of these pro-
teins are degraded by the Clp protease.

Under our experimental conditions approximately 200 pro-
tein spots diminished in the wild-type strain assays during an
8-h time course. Filtering out those spots with results showing
a similar decrease in the clp mutant assays revealed at least 80
spots to be potential Clp substrates, i.e., the proteins were
stabilized or less quickly degraded in the clpP peptidase gene
and in either the clpC or the clpX ATPase gene mutant cells

TABLE 1. Selected degradation candidates during growth into the glucose-limited stationary phase identified by pulse-chase
labeling and 2-D PAGE

Functional category and
enzyme

Stability (% remaining protein after
8 h of pulse-chase labeling) Functional category and

enzyme

Stability (% remaining protein after
8 h of pulse-chase labeling)

Wild
type !clpP !clpC !clpX Wild

type !clpP !clpC !clpX

Cell wall biosynthesis RNA polymerase subunits
GlmS 12 85 71 20 RpoB 35 84 "100 73
MurAA 22 49 75 16

Clp ATPase
Amino acid biosynthesis ClpC1 12 83 x 67

ArgB 38 54 80 100 ClpC2 22 95 x 98
AroA1 41 68 93 28
CarB 6 97 71 22 Cold shock
IlvA 17 61 84 26 F-CspB 10 59 11 38
IlvB1 8 74 39 17 CspD 12 23 19 14
GltA1 11 80 82 64
GltA2 22 91 "100 51 General stress response
LeuA1 19 71 30 47 Ctc 50 98 67 48
LeuA2 20 56 27 83 OsmC(YkzA) 21 61 23 9
LeuC1 9 69 41 18
LeuC2 14 67 50 39 Secretion
LeuD 28 77 63 38 SecA1 32 62 76 84
LysC# 31 91 76 22 SecA2 39 82 93 "100
LysC$ 21 79 73 20
MetE1 39 75 75 70 Chemotaxis

CheW 9 "100 ND 59
Nucleic acid biosynthesis

NrdE 24 38 70 25 Inactive glutamate dehydrogenase
PurB1 28 75 "100 "100 GudB 2 28 18 18
PurB2 34 100 69 100
PurF 36 72 77 10 Methionine salvage pathway
PurL 30 95 61 17 MtnK (YkrT) 19 93 45 22
PurQ 19 44 "100 13 MtnS (YkrS) 41 64 60 37
PyrB 21 61 64 49
Xpt 26 79 ND 21 Sporulation

SpoVG 10 19 5 20
Vitamin biosynthesis

BioB 18 43 56 19 Unknown function
ThiC1 22 69 90 40 YfhM 24 62 100 93
ThiC2 28 62 "100 47 YhaM 40 75 99 65
ThiD (YjbV) 39 57 74 52 YhxA 11 65 90 72

YkqC 49 72 "100 100
Aminoacyl-tRNA synthetases YloV 47 "100 59 43

IleS 49 87 69 100 YugI 19 45 67 43
ThrS 47 66 68 94 YurU1 18 31 10 20
ThrZ 27 65 "100 ND YvfW2 19 48 74 45

Glycolysis Degradation candidates
PycA1 10 45 50 56 D112 26 72 79 72

D116 42 100 56 26
Ribosomal proteins D12 26 100 51 54

Efp 32 35 40 41 D34 14 75 23 65
Tig 47 "100 96 78 D38 12 85 100 26
TufA 50 45 65 76 D42 18 71 49 12

D43 8 "100 36 87
DNA replication D50 22 82 49 "100

GyrA 24 89 90 "100 D65 19 89 63 100
GyrB 48 60 53 80 D74 28 54 "100 "100
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FIG. 2. Pulse-chase experiment followed by 2D PAGE of the isogenic !clpP mutant cells. A false-colored gel-pair image is shown (red, 0 h after
labeling; green, 8 h after labeling).
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FIG. 3. Pulse-chase experiment followed by 2D PAGE of the isogenic !clpC mutant cells. A false-colored gel-pair image is shown (red, 0 h after
labeling; green, 8 h after labeling).
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FIG. 4. Pulse-chase experiment followed by 2D PAGE of the isogenic !clpX mutant cells. A false-colored gel-pair image is shown (red, 0 h after
labeling; green, 8 h after labeling).
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than in the wild-type cells. The greatest number of proteins
appeared to be degraded by ClpCP alone, but numerous others
were degraded by both ClpCP and ClpXP. Not a single spot
was found that had been exclusively stabilized in a clpP and a
clpX mutant in the analytical window examined. In terms of
functional categories the metabolism of amino acids and re-
lated molecules and the metabolism of nucleotides are clearly
overrepresented among the potential Clp substrates.

An obvious explanation for the high degree of protein break-
down demonstrated by our wild-type pulse-chase gel series
assays relates to the fact that under nongrowing conditions the
need for anabolic resources targeted for growth and prolifer-
ation is minimized. Transcription of the genes for many of the
proteins found to be degraded in this study has been shown to
be down-regulated in the stationary phase (25), and the
mRNAs for selected substrate candidates (MurAA, IlvB, and
AroA and MetE) diminished in wild-type cells as well as clp
mutant cells (data not shown).

Biosynthetic enzymes are often incorporated into large mul-
tiprotein complexes to optimize the synthesis and channeling
of precursor and intermediate molecules. It has been suggested
that during the absence of substrates or cosubstrates a catalytic
center or a metal binding site of a protein may be damaged;
similarly, a protein can undergo structural perturbation with-
out other components that normally hold it in native confor-
mation (7, 17, 18, 31–33, 41). These proteins could display a
nonfunctional, unprotected, or even “unemployed” state, and
it can be hypothesized that ATP-dependent proteases recog-
nize these idle and defective proteins and degrade them.

However, other proteins that appear to be equally dispens-
able at high concentrations during nongrowth appeared stable
under the circumstances tested; examples include glyceralde-
hyde-3-phosphate dehydrogenase (GapA; see Fig. 5 and Fig. 1
to 4), citric acid cycle enzymes such as isocitrate dehydroge-
nase (Icd), malate dehydrogenase (Mdh), and succinyl-coen-
zyme A synthetase (SucD), subunits of the pyruvate dehydroge-
nase (PdhA, PdhC, PdhD), phosphoglycerate dehydrogenase
(SerA), an enzyme involved in serine biosynthesis, and the ribo-
somal proteins EF-Tu, FusA, RpsB, and RpIJ. Either these pro-

teins are degraded at an average rate (in which case the normal-
ization per time point serves to level out the decrease) and only
appear stable or they really remain unaffected by the breakdown
of idle and defective proteins and are still potentially functional.
Several additional aspects may have an impact on protein stabil-
ity, among them the nutritional state of the cell. For instance,
Bond et al. (7) demonstrated that the B. subtilis aspartate tran-
scarbamoylase (PyrB), catalyzing the first committed step of
pyrimidine biosynthesis, was rapidly turned over with a half-life
of 1.5 h in exponentially growing cells with ammonium as the
nitrogen source, whereas supplementation with certain amino
acids blocked this turnover.

In this study we provided evidence for the influence of
ClpCP on the stability of PyrB. Strikingly, several other first-
committed-step enzymes, namely, those for biosynthesis of ar-
omatic and branched-chain amino acids, glutamate, cell wall
precursors, purines, and pyrimidines, were shown to be Clp
substrate candidates. We demonstrated in a previous study
(26) that MurAA is a ClpCP substrate. Using the same immu-
noprecipitation approach we now also define GlmS, IlvB,
PurF, and PyrB as ClpCP substrates. On the one hand, it will
be interesting to see whether the other first-committed-step
enzymes (AroA, CarB, GltA, PycA) will react similarly and can
be added to the list of Clp substrates once antisera are avail-
able. On the other hand, it will be necessary to specifically test
the degradation profiles of substrate candidates further down
the biosynthetic pathways. For example, IlvC and IlvD act
at the second and third step, respectively, of branched-chain
amino acid biosynthesis; LeuC and LeuD form an enzyme
complex for the second reaction with respect to leucine, and
MetE and ThrC catalyze the final steps of methionine and
threonine biosynthesis, respectively. Apart from PurF three
other purine biosynthetic enzymes catalyzing the fourth step
(PurQ, PurL, and PurS) and one catalyzing the eighth step
(PurB) show up as Clp substrates. Indeed, it seems that these
enzymes were degraded with different kinetics; enzymes cata-
lyzing the last steps of the purine biosynthetic pathway were
proteolyzed more slowly than the initial and intermediate en-
zymes. Determining the half-lives of these proteins in the wild-
type and clp mutant cells will help to define whether degrada-
tion of first-committed-step enzymes constitutes a special case.
Furthermore, the newly described Clp substrates may repre-
sent just the tip of the iceberg, because not all the cells of a
population will behave in similar ways.

Moreover, adaptor proteins are known in many cases to be
present to assist the Clp machine in the degradation process,
which adds another level of regulation to proteolysis (10, 16,
22–24, 43, 52). In any case, Clp-dependent proteolysis has a
decisive impact on central metabolic pathways in B. subtilis.
Our data imply that Clp proteases down-regulate biosynthetic
pathways for cell wall precursors, amino acids, and nucleotides
upon entry into a nongrowing state, thus contributing to an
economical adaptive redistribution of cellular resources under
these limiting conditions.

Although our data increase the number of recognized
ClpCP substrates, we have not been able to propose common
sequence motifs by which these proteins are recognized. It is
conceivable that the characteristics which render a protein a
Clp substrate lie beyond the primary amino acid sequence; it
may be instead a structural feature of some other sort. Appar-

FIG. 5. Pulse-chase labeling and immunoprecipitation of MurAA,
GlmS, IlvB, PurF, PyrB, and GapA during glucose starvation in wild-
type cells and different clp mutant cell backgrounds.
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ently, nonfunctional, unprotected, or “unemployed” proteins
are recognized and degraded by Clp proteases.
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T. le Tam, K. Büttner, G. Buurman, C. Scharf, S. Venz, U. Völker, and M.
Hecker. 2004. A comprehensive proteome map of growing Bacillus subtilis
cells. Proteomics 4:2849–2876.

13. Eymann, C., G. Homuth, C. Scharf, and M. Hecker. 2002. Bacillus subtilis
functional genomics: global characterization of the stringent response by
proteome and transcriptome analysis. J. Bacteriol. 184:2500–2520.

14. Gerth, U., J. Kirstein, J. Mostertz, T. Waldminghaus, M. Miethke, H. Kock,
and M. Hecker. 2004. Fine-tuning in regulation of Clp protein content in
Bacillus subtilis. J. Bacteriol. 186:179–191.
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A combination of pulse-chase experiments and 2-D PAGE revealed that protein degradation
appears to play a crucial role for the cell physiology of Staphylococcus aureus COL during
extended periods of glucose starvation. The synthesis rate of virtually all cytosolic and
radioactively labeled proteins from growing cells seemed dramatically reduced in the
first 3.5 h of glucose starvation. The stability of proteins synthesized in growing cells was
monitored by a pulse-chase approach on a proteome wide scale. Especially, enzymes
involved in nucleic acid and amino acid biosyntheses, energy metabolism and biosynthesis of
cofactors were found rather rapidly degraded within the onset of the stationary phase,
whereas the majority of glycolytic and tricarboxylic acid cycle enzymes remained more stable.
Furthermore, single enzymes of biosynthetic pathways were differentially degraded. A
metabolite analysis revealed that glucose completely depleted from the medium in the
transient phase, and amino acids such as alanine and glycine were taken up by the cells in the
stationary phase. We suggest that vegetative proteins no longer required in non-growing cells
and thus no longer protected by integration into functional complexes were degraded.
Proteolysis of putative non-substrate-bound or ‘‘unemployed’’ proteins appears to be a
characteristic feature of S. aureus in order to access nutrients as an important survival strategy
under starvation conditions.

Keywords:
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1 Introduction

Staphylococcus aureus is a gram-positive, non-motile and
non-spore forming bacterium that lives commensally asso-
ciated on the skin and the mucosa of the higher respiratory
tract and is mostly found in the nose of one-third of the
human population. As a human pathogen, S. aureus
primarily causes nosocomial infections and represents a
serious threat to humans especially to hospitalized and

immuno-compromised patients [1]. S. aureus uses various
strategies to resist antibiotic therapy, e.g. the formation of
slow-growing sub-populations with a distinctive phenotypic
characteristic called small colony variants (see review, [2]).
A growing threat, mostly in hospitals, is the occurrence
of methicillin resistant S. aureus, which can only be
treated with vancomycin as a drug of the last resort, but
even vancomycin resistant S. aureus have already been
detected [3].

S. aureus does not only persist in humans, but can, for
instance, survive for several weeks in a completely dry
environment [4]. The high survival potential can probably
only be accomplished by a redirection of the gene expression
program in non-growing cells. Proteomics and tran-
scriptomics, which can also be used to follow changes in the
gene expression program in response to growth-restrictingAbbreviations: Tal, transaldolase; TCC, tricarboxylic acid cycle
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stimuli, are powerful toolboxes to come to new information
on cell physiology and pathogenicity.

Protein expression profiling can be used to explore life
processes on a global scale. Furthermore, proteomics can be
utilized to follow the fate of every single protein from
synthesis via post-translational modification, targeting,
damage, repair and finally to degradation [5].

Proteolysis represents the final destination in the
protein’s life. The Clp machinery of gram-positive
bacteria is probably the major system that controls the life
span of individual proteins [6]. Damaged or misfolded
proteins within the cell that can no longer be repaired
are considered as main substrates for the Clp protease. In
this study, we followed the stability of single proteins of
S. aureus cells entering the stationary growth phase due to
glucose exhaustion. The analysis of protein stability on a
proteome-wide scale revealed a new group of S. aureus
proteins, which are degraded in non-growing cells:
‘‘Unemployed’’ proteins seem no longer protected against
proteolytic attack.

2 Materials and methods

2.1 Bacterial strains and growth conditions

For initial experiments S. aureus COL [7] was grown in a
chemically defined medium [8] that turned out not to be
applicable for long-term pulse-chase starvation experiments.
Therefore, a modified medium [8] was used with alterations
in number and amount of amino acids. It includes seven
amino acids (alanine, glycine, valine, isoleucine, arginine,
proline and cysteine), which were added in equimolar
concentrations (0.75 mM final concentration). The cells
grew with a generation time of approximately 2.5 h.

2.2 Pulse and pulse-chase-labeling experiments

For radioactive pulse-labeling experiments, S. aureus COL
was grown in the above-described medium and labeled with
L-[35S]-methionine (300 mCi/20 mL cell culture) for 5 min
followed by addition of 2 mL Stop-solution (10 mM
L-methionine, 3.1 mM chloramphenicol) to 20 mL radio-
active culture. Cells were labeled at OD500 5 0.4 (0 h) and
1.5, 2, 2.5, 3, 4 and 6 h later. For the pulse-chase approach,
cells were grown until mid-exponential phase (OD500 5 0.4)
and then labeled with L-[35S]-methionine for 15 min
(1.5 mCi/100 mL cell culture) followed by a chase with a
600 000-fold molar excess of cold methionine (10 mM
final concentration). Samples were taken immediately
after chase (t0 h) and 6, 12, 20 and 28 h later. Samples
were centrifuged (9000! g at 41C for 5 min); afterwards
the cell pellets were washed with TE-PMSF buffer (10 mM
Tris, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, pH
7.5) and resuspended with 400 mL TE-PMSF buffer.

After the addition of 10 mg of lysostaphin cells were incu-
bated for 10 min on ice and disrupted by sonication. Cell
debris was removed by centrifugation (two times, 21 000! g
for 60 min at 41C). The radioactivity of labeled proteins was
determined by a standard procedure [9]. Protein concentra-
tion was determined by a ninhydrin assay [10]. For this
purpose 20mL of the protein sample was mixed with 20 mL
12 N HCl and incubated over night (1001C) to achieve
complete hydrolysis. In a next step the solution of hydro-
lized proteins was diluted 1:100. In total, 600 mL ninhydrin
reagent was added to 400mL diluted hydrolysate. Extinction
was read at 575 nm and was correlated to a defined BSA
standard.

2.3 Analytical and preparative 2-D PAGE

2-D PAGE was performed as described previously [11, 12].
In the first dimension, proteins were separated according to
their pI. For that 70mg of cytoplasmic protein extract
plus 0.2 mCi of 14C-methylated BSA (Sigma) were loaded
onto an IPG strip (18 cm, pH 4–7; GE-Healthcare). In the
second dimension, proteins were separated according to
their molecular mass. This was accomplished by a 12%
PAGE. 2-D gels were fixed with 40% v/v ethanol and
10% v/v acetic acid for 1 h and subsequently stained
with KryptonTM protein stain (PIERCE) over night after a
5-min wash-step with distilled water. Stained gels were
scanned using the TyphoonTM scanner (GE Healthcare) and
dried with a vacuum gel-dryer. A complete series of dried
gels was exposed to phosphor screens for the same time
period and autoradiograms were read out with a TyphoonTM

scanner.

Figure 1. Growth curves of S. aureus COL in chemically
defined medium with 2.5 mM glucose (Gertz et al. [8]; open
triangles) and a modified minimal medium with less amino
acids suitable for long-term starvation experiments (closed
squares). Columns indicate the 35S-methionine incorporation
into proteins from cells grown in the modified minimal medium
(counts per minute/70 mg per gel); blue, synthesis and red, pulse
chase.
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2.4 Dual-channel imaging, warping and spot
quantification

Dual-channel imaging technique allows visualization of
protein pattern changes [9]. As an internal standard
14C-methylated BSA was added to a mixture of protein
sample and rehydration buffer for gel-to-gel normalization
in analogy to a fluorescent standard described by Wheelock
et al. [13]. This compensates for rehydration and screen-to-
screen variations. By quantifying the volume of five BSA
spots within autoradiograms, all other spot volumes were
normalized to the t0 h gel spot volumes. Additionally, an
optical density correction factor was calculated because of
the radioactive dilution effect due to cell division and
growth. For this purpose the values of the optical density
from the 6, 12, 20 and 28 h samples were divided by the
value of the optical density from the t0 h sample. Both,

optical density and BSA factor were multiplied to result in a
normalization factor for each gel.

2.5 Quantification of extracellular metabolites by
1H-NMR

Samples for extracellular metabolite measurements were
collected by sterile filtration (0.22 mm pore size) of S. aureus
cultures supernatants. Preparation of filtered samples
was completed as described previously [14]. In short:
after addition of 200mL phosphate-buffer (pH 7) to
400 mL sample in a glass tube (Norell Standard Series,
length 7 in) an acquisition of 1H-NMR spectra was
performed [15]. Metabolite quantification was performed
by comparing the areas of designated signals to the
internal standard trimethylsilylpropionic acid d4 included

Figure 2. 35S-methionine pulse
experiment followed by 2-D
PAGE of S. aureus COL cells. A
false-colored and 14C-BSA
normalized gel-pair-image is
shown (green, 0 h; red, 6 h).
Equal amounts of protein were
used and it turned out that
almost no protein synthesis
occurred during stationary
phase.

4470 S. Michalik et al. Proteomics 2009, 9, 4468–4477

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



Proteolysis during long-term glucose starvation in Staphylococcus aureus COL 
!

! 49!!

in the added phosphate-buffer with a concentration of
1.0 mM.

3 Results

3.1 Adaption of the minimal medium

In a first instance, we established a glucose-limited minimal
growth medium especially suitable for long-term pulse-
chase experiments (Fig. 1). To follow proteolysis during
glucose starvation, a prolonged stationary phase is a prere-
quisite for such an approach. Within several growth
experiments the number of amino acids was reduced to only
seven (alanine, glycine, valine, isoleucine, arginine, proline
and cysteine). Subsequently, the cells remained in the
stationary phase for a long time (up to 48 h) with an
OD500 5 0.9 and did not lyse. In order to see whether the
cells really suffered from glucose starvation, glucose

was added to the medium in the stationary phase and the
cells started to grow again, indicating that starvation
was really provoked by glucose exhaustion (Supporting
Information S2).

3.2 Glucose starvation leads to a massive down-
regulation of protein synthesis

In order to investigate protein synthesis of S. aureus during
glucose starvation, radioactive pulse-labeling experiments
with 35S-methionine were carried out in combination
with 2-D PAGE (pI 4–7). A massive reduction of the
35S-methionine incorporation rate to 10% was observed
(Fig. 1). This dramatic effect was visualized by a 14C-BSA-
normalized superimposed false-colored 2-D image (Fig. 2).
The majority of protein spots appeared green after 3.5 h in
the stationary phase, showing that these proteins were no
longer synthesized.

Figure 3. Pulse-chase experi-
ment followed by 2-D PAGE of
S. aureus COL cells. A false-
colored gel-pair-image is
shown (red, 0 h after labeling
and green, 28 h after labeling).
Degraded proteins show up in
red and stable proteins in
yellow. To normalize the auto-
radiogram 14C-BSA and optical
density were used to correct for
rehydratization differences and
dilution effects during growth.
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3.3 Selective protein degradation in glucose-starved
cells

To follow proteolysis on a proteome wide scale in vivo,
exponentially growing cells were radioactively pulse-chase

labeled and samples were taken during exponential and
stationary phase followed by 2-D PAGE. In order to pursue
the degradation profiles of individual proteins more
precisely, 14C-BSA was used as an internal standard protein.
The stability of vegetative proteins synthesized and labeled
in growing cells can be investigated by this procedure. The
normalized spot volumes of the autoradiograms were used
to distinguish between degradation and stability. For
visualization false-colored 2-D images were superimposed
and corrected according to the normalization factors. A red-
turning spot implies putative protein degradation but
could theoretically also refer to disappearance of the protein
from the soluble intracellular compartment due to aggre-
gation, etc. A yellow spot means that the protein remained
stable and green spots should usually not occur, because
newly synthesized proteins cannot incorporate radioactive
35S-methionine in the presence of a more-thousand-fold
excess of cold methionine. Only a putative post-translational
modification could explain the occurrence of green
spots (Fig. 3). To visualize changes in the protein pattern
caused by degradation during cultivation more clearly, a
time-lapse degradation movie was created (Supporting
Information S1).

By definition, a potential degradation candidate must
show a reduction of at least 50% or more in the auto-
radiogram. Generally, the protein amount of the respective
spot on the stained gel decreased during the entire cultiva-
tion time. Most of the vegetative proteins were degraded in
non-growing cells, but the degradation process seemed to be
different. A rapid degradation was found for enzymes
involved in purine/pyrimidine biosynthesis (e.g. NrdE,
NrdF, Pnp, Udk, PurA, PurC, PurQ and PyrR) and amino
acid biosynthesis (e.g. LeuA, LeuD, LeuC, IlvB, Asd, MetK,
SCAOL0431, GltD and GluD). Besides this, the amounts of
enzymes such as LigA (NAD-dependent DNA-Ligase), PcrA
(ATP-dependent DNA helicase) and Ssb2 (single-stranded
DNA-binding protein) involved in DNA replication
and repair were found to be 60% or more diminished.
Additionally, CoaBC, CoaE and FolA, enzymes of
vitamin biosynthesis seem to be degraded too, however,
preferentially in the later stages of the stationary phase.
Similar degradation was found for several aminoacyl
tRNA synthetases (e.g. MetS, LysS, CysS, GlyS and
ArgS). Regulatory proteins such as CcpA and RpoF,
the alternative sigma-factor SigB, disappeared almost
completely during glucose starvation. Enzymes involved
in the tricarboxylic acid cycle (TCC) that were detected in the
experimental gel image window remained more stable. Only
SucB (2-oxoglutarate dehydrogenase; E2 component) and
isocitrate dehydrogenase had been degraded. Proteins of
glycolysis such as Pgi, TpiA and PfkA were degraded,
whereas FbaA and GapA1 were not. Enzymes involved in
the pentose-phosphate-pathway were found stable except for
the transaldolase (Tal).

The degradation data imply that some enzymes are more
stable than others (Figs. 4A and 5A). Most of the unstable

Figure 4. (A) Synthesis and degradation patterns of selected proteins
are shown. To follow the synthesis spots were colored green at t0h

and all the following spots were colored red. To follow the stability
by pulse-chase experiments spots were colored red at t0h and all the
following spots green. (radioactive symbol, autoradiogram and flask
symbol, KryptonTM stained). The bar charts indicate the normalized
spot volumes (yellow line 5100%). (B) Growth of S. aureus and
concentration of selected metabolites in the medium.
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enzymes were degraded approximately after 6 h and more
clearly after 12 h of pulse-chase labeling (Fig. 6). This obser-
vation coincided with the extracellular metabolite data show-
ing that glycine and alanine were exhausted roughly 15 h after
mid-exponential phase and were utilized by the cells (Fig. 4B).
The other amino acids in the medium (valine, isoleucine,
arginine, proline and cysteine) remained nearly at an equal
level over the entire time-period suggesting that they cannot
be utilized as N or C sources (data not shown) and acetate was
excreted into the medium as an overflow metabolite.

4 Discussion

ATP-dependent intracellular proteolysis plays an important
role in cellular physiology of bacteria (for review see
[16, 17]). In the literature, there are data showing that single
non-functional proteins such as repressors removed from
the DNA are degraded by ATP-dependent proteases. The
main substrates of the Clp machinery are not only dena-
tured proteins but also regulatory proteins no longer
required [18–20]. Here, we collected evidence for a third,
very large group of substrates: proteins probably no longer
active are targeted for proteolysis.

In order to detect different and distinct degradation
patterns, samples were taken up to 28 h after labeling.
Consequently, 14C-BSA as an internal 2-D quantification
standard allowed to revealing definite and characteristic
degradation profiles for individual spots from 2-D gels for
the first time. Enzymes for nucleic acid, amino acid, co-
factor biosynthesis and some aminoacyl tRNA synthetases

were identified as the most remarkable degradation candi-
dates. These findings partly agree with results obtained with
Bacillus subtilis [6], suggesting general rules for the recog-
nition and selection of proteins of certain biosynthetic
branches. Enzymes catalyzing the first step in purine and
pyrimidine biosynthesis were described as rapidly degraded
in glucose-starving cells with a half-life of roughly 1.5 h in
B. subtilis [6, 21]. Unfortunately, the enzymes PurF and PyrB
were only hardly detectable in radioactive S. aureus 2-D gels
and allow no certain prediction in this study.

On the other hand, first committed-step enzymes
involved in cell wall and branched-chain amino acid synth-
esis such as MurAA, IlvB appeared slowly degraded and
almost no degradation was observed for the glutamine-
fructose-6-phosphate amidotransferase in S. aureus, whereas
all these enzymes quickly disappeared in B. subtilis during
glucose limitation [6].

With regard to the amino acid and nucleic biosyntheses,
for instance, LeuA, LeuC and more quickly LeuD, AroE,
Asd, DapA and PurA, PurB, PurC, PurD, Udk as well as
NrdE and NrdF were found degraded to shut down the
respective pathway. Other enzymes of the particular path-
ways such as LeuB, DapB, LysA and PurH, PyrG, GuaB
appeared more stable, indicating only selective proteolysis of
a few enzymes of an entire biosynthetic branch.

In S. aureus NrdE and NrdF, which are terminal key
enzymes in the production of precursors for DNA replica-
tion, are both under stringent control [22]. The NrdE-
F–enzyme complex consists of two subunits generating
20-desoxyribonucleotides and therefore provides precursors
for DNA replication. In addition to turn off replication

Figure 5. Stability (A) and
putative modification (B)
patterns are shown (spots
were colored red at t0 h and all
the following spots green).
The bar charts display the
percent remaining values
from the autoradiogram
(normalized to the t0 h

sample). The horizontal line
indicates 100%.
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through protein modification and by the energy level
[23, 24], S. aureus cells rapidly degrade the NrdEF–enzyme
complex in the stationary phase.

In some cases there are differences in the degradation of
subunits from the same enzyme complex. For instance, the

large subunit SucA of the 2-oxoglutarate dehydrogenase of
the TCC appeared relatively stable, whereas SucB, the small
subunit was found degraded over time (Fig. 5A).

Furthermore, GyrB, the smaller b-subunit of the DNA
gyrase, was more quickly degraded than GyrA, the larger

Figure 6. Table of selected proteins and their normalized percent-remaining values are visualized in the heat map. Two heatmaps or more
in a row indicate single spots of a protein chain (upper heatmap, most alkaliphilic spot and lower heatmap, most acidic spot).
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a-subunit. The same fate was observed for SufB, the smaller
subunit of a Fe-S assembly protein [25] in comparison to the
larger SufD subunit from the same complex suggesting a
selective proteolysis. Subunits of other enzyme complexes,
however, such as LeuCD and NrdEF, each composed of two
different-sized subunits were found simultaneously proteo-
lyzed with similar degradation profiles in the chosen time
range.

Furthermore, the occurrence of a green spot on the 2-D
false-colored images can only be explained by a spot shift,
suggesting a protein modification in the stationary phase.
For example, IlvA2, the threonine dehydratase is probably
post-translationally modified; however, the nature of this
modification is still not known (Fig. 5B).

In this study, we followed the stability of hundreds of
proteins synthesized in growing cells in the stationary
phase. The majority of vegetative proteins were rapidly
degraded, but other proteins seemed to be more stable.
According to our working hypothesis degradation reflects
protein activity. Apparently, proteins that are still active and
integrated into functional complexes are protected against a

proteolytic attack, but ‘‘unemployed’’ proteins that are no
longer busy are not protected and will be finally degraded.

PurA, which catalyzes a reaction within the purine
biosynthesis pathway by utilization of aspartate, was rapidly
degraded in the stationary phase. PurD, which catalyzes the
second step by utilization of glycine and phospho-
ribosylamine, was more stable probably due to the intra-
cellular glycine concentration pointing to a proteolysis in a
substrate-dependent manner [26]. But, proteolysis based on
the absence of an enzyme substrate [27] may represent only
one piece of a more complex and factor(s)-dependent
process.

Interestingly, also in Escherichia coli a number of proteins
accumulated to a higher degree in clp mutants than
in the wild type, suggesting degradation of AhpC,
AldA (aldehyde dehydrogenase), GdhA (glutamate dehy-
drogenase), GlnA (glutamine synthetase), LeuA (a-isopro-
pylmalate synthase), LeuD (a-isopropylmalate isomerase
subunit), MetK (methionine adenosyltransferase), TalB and
TrxB (thioredoxin reductase) in wild-type cells in the late
stationary phase [28].

Figure 6. Continued
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In conclusion, we suggest that starving cells need to save
energy in the stationary phase to restrict the metabolism to
minimal activities with the very limited resources to guar-
antee survival. Therefore, in a first instance the cells down-
regulate biosynthetic enzymes at the transcriptional and
protein synthesis level, in many cases probably by a ppGpp-
dependent stringent response. In a second instance,
proteins are modified in order to temporarily inactivate or
modulate their function (e.g. IlvA2, Fig. 5B). Finally, the
cells initiate selective proteolysis to shut down biosynthetic
pathways and to make an endogenous nutrient supply
available for the maintenance of life processes in a non-
growing state. The exact mechanism(s) for the recognition,
proteolysis and the role of the Clp machinery in S. aureus
remain to be uncovered [6].
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Protein quality networks are required for the maintenance
of proper protein homeostasis and essential for viability
and growth of all living organisms. Hence, regulation and
coordination of these networks are critical for survival
during stress as well as for virulence of pathogenic spe-
cies. In low GC, Gram-positive bacteria central protein
quality networks are under the control of the global
repressor CtsR. Here, we provide evidence that CtsR activ-
ity during heat stress is mediated by intrinsic heat sensing
through a glycine-rich loop, probably in all Gram-positive
species. Moreover, a function for the recently identified
arginine kinase McsB is confirmed, however, not for initial
inactivation and dissociation of CtsR from the DNA, but for
heat-dependent auto-activation of McsB as an adaptor for
ClpCP-mediated degradation of CtsR.
The EMBO Journal advance online publication, 17 September
2010; doi:10.1038/emboj.2010.228
Subject Categories: signal transduction; microbiology
& pathogens
Keywords: heat-shock regulation; protein thermosensor;
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Introduction

A number of environmental stresses cause damage to protein
structure leading to protein aggregation, which affects survi-
vability of all living organisms. Refolding or degradation of
misfolded proteins is a major task of protein quality net-
works. Accordingly, these networks, though constitutively
expressed, are strongly induced under a variety of stress
conditions that alter protein conformation (Wickner et al,
1999; Sauer et al, 2004; Hartl and Hayer-Hartl, 2009).

Bacterial cells have the capability to respond rapidly to a
wide range of environmental stresses. This adaptation to an
altered milieu is mediated by complex regulatory networks.
Regulation of the bacterial responses to heat stress serves as
model for understanding the general mechanism of protein
quality control, which is important for the survival during
stress (Frees et al, 2007) as well as for virulence of pathogens
(Ingmer and Br^ndsted, 2009). In low GC, Gram-positive
bacteria central protein quality networks are controlled by

the highly conserved CtsR heat-shock regulator. CtsR is a
classical winged helix-turn-helix (HTH) dimeric DNA-binding
protein that recognizes a hepta-nucleotidic direct repeat
sequence within the promoter of regulated genes (Derré
et al, 1999, 2000), thereby suppressing their expression. It
has been shown previously that the modulator of CtsR
activity, McsB, is necessary to inactivate CtsR in vitro
(Kirstein et al, 2005). This process is thought to be performed
by the recently discovered in vitro arginine kinase activity of
Geobacillus stearothermophilus McsB, which phosphorylates
CtsR on various arginine residues and thus inactivates it
(Fuhrmann et al, 2009). In addition, YwlE was shown to be
the cognate phosphatase for the McsB kinase in vitro
(Kirstein et al, 2005). Furthermore, McsB was reported to
be essential for regulated degradation of CtsR during heat
stress by the ClpCP protease (Kirstein et al, 2007).
Degradation of CtsR relies on the ability of McsB to function
as an adaptor protein for ClpC. Adaptor proteins are needed
for efficient oligomerization and activity of Bacillus subtilis
ClpC (Kirstein et al, 2006).

Here, we report that McsB is not involved in CtsR inactiva-
tion in vivo during heat stress, which contradicts conclusions
reported previously that were based on in vitro experiments
(Fuhrmann et al, 2009). Instead, McsB is only necessary as a
kinase with adaptor function during heat stress mediating
efficient degradation of non-functional CtsR. Remarkably,
CtsR is an intrinsic heat sensor and acts as protein thermo-
meter to protect bacterial cells in a fast and efficient manner.

Results

McsB does not participate in regulation of CtsR activity
during heat stress in vivo
The starting point for this study was the observation that
McsB, which has been considered to be crucial for heat stress
response in all previous studies in low GC, Gram-positive
bacteria (Krüger et al, 2001; Kirstein et al, 2005; Fuhrmann
et al, 2009), is absent from the genome of some low GC,
Gram-positive bacteria (Supplementary Figure S1)
(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 McsB-independent mechanism.

On basis of this knowledge, we analysed a B. subtilis mcsB
mutant for CtsR-dependent transcription in vivo. We found
that clpE, solely regulated by CtsR, was fully inducible in the
mcsB mutant upon heat exposure (Figure 1A), indicating that
McsB is not required for CtsR inactivation during heat stress
in vivo, as would have been expected from previous in vitro
data (Krüger et al, 2001; Fuhrmann et al, 2009). This obser-
vation is supported by the fact that a ywlE mutant, which was
described to be the cognate phosphatase for McsB kinase in
vitro (Kirstein et al, 2005), shows no impact on CtsR acti-
vity neither at 371C nor during heat stress (SupplementaryReceived: 17 May 2010; accepted: 20 August 2010
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Figure S2). On the basis of these results, we propose that a
second, McsB-independent pathway for CtsR inactivation
must exist.

Establishment of an in vivo system to investigate critical
point mutations
To gain a more detailed understanding of regulatory mechani-
sms for CtsR inactivation and degradation, we engineered a
genetic system that allowed expression of an altered clpC
operon from wild-type promoters in vivo (Figure 1B). We
substituted the original clpC operon with a modified version,
which was generated by introducing a resistance marker
cassette in the intergenic region between ctsR and mcsA
using a modified two-step fusion PCR protocol (Wach,
1996). The regulation of expression of the entire clpC operon
was not altered, and CtsR activity was comparable with the
wild type (Figure 1C). This gave us the opportunity to
substitute critical residues of the proteins encoded by the
clpC operon, monitoring the impact of these mutations on
CtsR activity in vivo. We investigated an McsB point mutant
that possesses no kinase activity in vitro (Kirstein et al, 2005),
and CtsR activity of this mutant was identical to the wild-type
in vivo (Figure 1C). This result underlines our hypothesis that
McsB is not involved in CtsR de-repression during heat stress.

B. subtilis CtsR is inactivated in a temperature-
dependent manner in vitro
CtsR activity is regulated independently of McsB kinase
during heat stress in B. subtilis. Therefore, it seems likely
that a common, McsB-independent mechanism exists in all
low GC, Gram-positive bacteria. However, a recent publica-
tion showed that B. subtilis McsB is the only direct interaction
partner of CtsR (Kirstein et al, 2005). In addition, a previous
study suggested that CtsR itself may act as an intrinsic heat
sensor (Derré et al, 1999). To test whether the DNA-binding
activity of CtsR is temperature dependent, we first examined
the DNA binding of B. subtilis CtsR at different temperatures.
DNA binding of CtsR was dramatically reduced at heat-shock
temperatures (501C) as compared with 371C in vitro.
Strikingly, more CtsR was needed to bind to same DNA
amount at heat stress temperatures than under control
temperatures (Figure 2A and B).

Figure 1 Impact of the McsB kinase on CtsR-dependent transcription. (A) Northern blot analyses of clpE transcription in response to a shift to
501C of exponentially growing cultures in wild-type B. subtilis and the mcsB mutant. (B) Schematic representation of the modified clpC operon,
which was inserted at its original chromosomal locus in B. subtilis with critical amino-acid substitutions (stars) in CtsR and McsB.
(C) Induction profile of the clpE mRNA in the wild-type B. subtilis, in cells harbouring the in vivo expression system integrated at the
chromosomal site of the clpC operon and in an McsB point mutant with a defective kinase.

Figure 2 Temperature-dependent DNA-binding activity of CtsR.
Electrophoretic mobility shift assay analysis with clpC promoter
fragment and increasing amounts of B. subtilis CtsR at 371C (A) or
501C (B). B. subtilis CtsR dissociated in greater portion from the
DNA after a shift to 501C, when DNA binding had been allowed at
371C for 30 min. Then the mix was divided and one half remained at
371C and the other was shifted to 501C for 5 min (C). DNA was
visualized by ethidium bromide staining of the native polyacryla-
mide gel. Quantification of B. subtilis CtsR binding to the clpC
promoter fragment at different temperatures for B. subtilis CtsR
averaged from three independent experiments (D).
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We also determined the apparent relative dissociation
constants and found that B. subtilis CtsR displays a substan-
tially lower binding affinity to the clpC operator at 501C
(Kd! 8.76±0.49 mM) than at 371C (Kd! 0.93±0.091mM)
(Figure 2C). More importantly, CtsR massively dissociated
from the clpC operator when shifted to heat stress after DNA
binding had been allowed at control conditions (Figure 2C).
Interestingly, CtsR was able to regain DNA-binding ability
when it was shifted back from heat stress to 371C (Figure 2D).
This implies that CtsR is able to sense the temperature shifts
by intrinsic features that either allow binding to the DNA at
standard conditions or suppress it during heat stress so that
the promoter becomes accessible for transcription. Thermo-
induced reduction of CtsR activity was also observed for the
clpE promoter with multiple CtsR-binding sites (Supple-
mentary Figure S3A–C), emphasizing that CtsR property is
independent from the promoter. CtsR dissociation was not
accompanied with loss of CtsR dimerization (Supple-
mentary Figure S4), indicating that elevated temperatures
probably only affect correct positioning of DNA-binding seg-
ments.

CtsR from other Gram-positive bacteria is also
inactivated in a temperature-dependent manner
If CtsR indeed functions as a specific protein thermometer in
all low GC, Gram-positive bacteria, different CtsR proteins
should be inactivated in the same way, but at species-specific
temperatures. We also investigated the DNA-binding proper-
ties of CtsR from Lactococcus lactis and G. stearothermophilus
at normal and heat-shock temperatures. These two species
possess other temperature optima than B. subtilis with regard
to their ecological niche. L. lactis exhibits a heat-shock
response already at 421C, whereas G. stearothermophilus
does so at around 701C. CtsR from L. lactis displayed a
considerably higher DNA affinity under control condition
(Kd301C! 1.47±0.047 mM) compared with heat stress
(Kd421C! 16.34±1.49 mM) (Figure 3A). Thermo-induced re-
duction of CtsR activity was also observed for G. stearothermo-
philus CtsR, whereas CtsR binds DNA more efficiently under
control conditions (Kd551C! 1.05±0.087mM) than at elevated
temperatures (Kd701C! 17.32±1.05mM) (Figure 3B).

CtsR is a specific heat sensor in vivo
To verify that CtsR is an intrinsic heat sensor in vivo with
distinct temperature thresholds for each bacterial species, we
complemented an isogenic B. subtilis ctsR mutant with either
L. lactis or G. stearothermophilus ctsR in trans. According
to our model, CtsR-dependent gene expression should be
de-repressed already at 421C by L. lactis CtsR and still be
repressed at 501C by G. stearothermophilus CtsR. Precisely,
these results were obtained (Figure 3C), indicating that CtsR
activity is regulated in a temperature-dependent manner with
species-specific set points probably in all low GC, Gram-
positive bacteria.

A glycine-rich loop is the molecular thermometer
in vitro
Thermosensing is well known for a variety of macromole-
cules, including proteins (Schumann, 2009). Some bacterial
transcriptional regulators have already been described to
display thermo-dependent DNA-binding activity (Hurme
et al, 1997; Servant et al, 2000; Herbst et al, 2009).

However, in contrast to CtsR, these regulators are less con-
served across a major phylogenetic group of bacteria. In
addition, they are structurally unrelated to CtsR and, there-
fore, presumably are regulated by different modes of action.
We wanted to identify the CtsR domain that is critical for heat
sensing. A first indication came from a sequence alignment of
CtsR proteins from different low, GC Gram-positive bacteria,
which showed that CtsR contains three highly conserved
regions (Derré et al, 1999). A second clue was provided by
error-prone PCR experiment that identified CtsR residues
critical for in vivo activity (Supplementary Figure S5; Derré
et al, 2000). Two regions, the HTH and the winged HTH
domains, are both conserved and crucial for CtsR activity.
Derré et al (2000) described two point mutants for B. subtilis
CtsR (V16 M and G65S), suppressing CtsR inactivation during

Figure 3 CtsR is a specific thermosensor for all Gram-positive in
vitro and in vivo. Quantification of CtsR binding with the respective
clpC promoter fragment at different temperatures for L. lactis CtsR
(A) or G. stearothermophilus CtsR (B) averaged from three inde-
pendent experiments. (C) Either L. lactis or G. stearothermophilus
ctsR was ectopically over-expressed in a B. subtilis ctsR mutant and
complementation of heterologous ctsR expressed in trans was
monitored at different temperatures by blue/white screening on
X-gal containing LB-agar plates using a thermostabile clpE–BgaB
reporter gene fusion. White colonies show that clpE transcription
was repressed by trans CtsR, whereas blue colonies indicate clpE
expression with inactive trans CtsR. L. lactis CtsR is active at 301C
under the favoured growth conditions and is inactivated already at
421C. However, B. subtilis CtsR is still active at 421C repressing the
transcription of the corresponding genes. Finally, G. stearothermo-
philus CtsR is still active at 501C in B. subtilis, at a temperature in
which B. subtilis CtsR is inactivated.

Heat-dependent regulation of CtsR activity
AKW Elsholz et al

&2010 European Molecular Biology Organization The EMBO Journal 3



CtsR,!the!GramApositive!master!regulator!of!protein!quality!control,!feels!the!heat!
!

!60!!

heat stress. When we transferred these mutations into our in
vivo expression system, no effect on CtsR activity was ob-
served (Supplementary Figure S6), which showed that these
mutations had no influence on CtsR activity in vivo.

We substituted a glycine residue with a more rigid proline
at the position 64 in B. subtilis CtsR, which is located at the
tip of the hairpin in a conserved glycine-rich loop within the
highly conserved winged HTH domain (Fuhrmann et al,
2009). This substitution was designed to create CtsR with
enhanced thermostability (Matthews et al, 1987) and is no
longer able to display thermo-induced reduction of DNA
binding. No structural changes relative to the wild-type
protein, except the substituted amino acid, were detected
with a theoretically modelled G64P mutant CtsR structure,
suggesting that any effect of the substitution depends on the
decrease of conformational entropy of the denatured state
(Supplementary Figure S7).

The mutated CtsR protein shows similar DNA-binding
activity under control conditions such as the wild-type pro-
tein in vitro (Figure 4A) as well as in vivo (Figure 4E). To test
whether this substitution has an impact on CtsR activity
at elevated temperatures, DNA-binding experiments were
performed. DNA binding of mutated CtsRG64P was nearly
identical under control conditions (Kd371C! 0.87±0.096 mM)
and heat stress (Kd501C! 0.91±0.088 mM) (Figure 4B–D),
showing that CtsRG64P could not be heat-inactivated unlike
wild-type CtsR. Moreover, CtsRG64P did not easily dissociated
from the DNA upon heat shock (Supplementary Figure S8).
Consequently, CtsRG64P lacks the strictly temperature-depen-
dent regulation, which was observed for wild-type CtsR and
cannot respond to heat stress.

Glycine residue 64 is essential for B. subtilis CtsR
activity in vivo
The in vivo effect of the G64P point mutation was also
assessed in our aforementioned expression system
(Figure 1B). Transcription of CtsR target genes was only
slightly inducible during heat stress (approximately 5% of
wild-type induction) in this mutant (Figure 4E), showing
a severe impact of this amino-acid substitution on CtsR activity
in vivo. The mutated CtsR protein could not be inactivated
upon heat exposure and was still binding to the DNA operator
sequences preventing induction of target genes. The very
small residual rate of clpE transcription clearly depended on
heat-activated McsB-P, which targets free CtsR for degradation
(see below), because clpE transcription was not detectable in
an mcsB/CtsRG64P double mutant (Figure 4E).

The critical glycine residue 64 is responsible for
thermosensing in several low GC, Gram-positive CtsR
To confirm that different low GC, Gram-positive CtsR species
also sense temperature shifts by the winged HTH domain, we
substituted the corresponding glycine with a proline residue
in L. lactis (G65P) and G. stearothermophilus (G64P) CtsR as
well and monitored their activity in vitro. Both mutated CtsR
proteins exhibit nearly identical DNA-binding affinities at
their control and heat stress conditions (Kd301C!
1.83±0.18 mM and Kd421C! 2.03±0.19 mM for L. lactis and
Kd551C! 1.42±0.12 mM and Kd701C! 1.73±0.19 mM for G.
stearothermophilus CtsR) (Figure 4F and G), which stands
in sharp contrast to the results obtained with wild-type
proteins (Figure 3A and B). These results suggest that

Figure 4 CtsRG64P mutant protein is no longer susceptible to
thermo-induced inactivation. Electrophoretic mobility shift assay
analysis with clpC promoter fragment and increasing amounts of
B. subtilis CtsRG64P at 371C (A) or 501C (B). Quantification of CtsR
binding at the clpC promoter fragment for wild-type and mutant
CtsR at 371C (C) or at different temperatures for B. subtilis CtsRG64P

(D). In vivo transcriptional analysis of clpE during heat stress using
our expression system with wild-type CtsR, a G64P substitution and
a CtsRG64P point mutant in a DmcsB background (E). Quantification
of CtsR binding with the clpC promoter fragment at different
temperatures for L. lactis CtsRG65P (F) or B. stearothermophilus
CtsRG64P (G).
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probably all low GC, Gram-positive bacteria sense heat stress
by the glycine-rich loop.

CtsR stability depends on kinase activity of McsB in vivo
As shown above, CtsR activity during heat stress is regulated
independently of McsB by the intrinsic heat-sensor function
of CtsR. Previous studies affirmed that McsB is necessary for
effective CtsR degradation, both in vivo and in vitro (Kirstein
et al, 2005, 2007). The wild-type like expression in an mcsB
knock-out (Figure 1A) emphasizes that CtsR degradation is
not critical for CtsR activity as had been suggested by
previous studies (Derré et al, 2000; Krüger et al, 2001).
Nevertheless, controlled proteolysis of non-functional CtsR
during heat stress is an important feature of the specific heat-
shock response, preventing excessive accumulation and/or
aggregation of the regulator. The essential function of the
McsB kinase for CtsR degradation during heat stress was
verified in our in vivo expression system containing an
McsBC167S point mutation abrogating the kinase activity
(Figure 1B). We found that McsB kinase is indispensable
for effective degradation of CtsR during heat stress (Figure 5).

CtsR phosphorylation is not required for CtsR
degradation in vivo
Demonstrating that McsB kinase and accordingly CtsR phos-
phorylation is not involved in CtsR inactivation during heat
stress, we were interested whether the recently described
phosphorylation of CtsR (Fuhrmann et al, 2009) is at least
essential for CtsR degradation. Fuhrmann et al. reported that
G. stearothermophilus CtsR was phosphorylated in vitro on at
least one arginine residue within the highly conserved
winged HTH region (amino acids 18–82). We substituted all
five arginine residues to lysine for B. subtilis CtsR in this
region (R28, R50, R55, R63, R70) and used the aforemen-
tioned in vivo expression system. However, these CtsR-mu-
tated species were degraded at the same rate as wild-type
CtsR during heat stress (Figure 5). These results imply that
CtsR phosphorylation is not required for CtsR degradation
in vivo. This is consistent with a previous finding that
phosphorylation of B. subtilis CtsR is not sufficient for
degradation in vitro (Kirstein et al, 2007).

McsB displays heat-specific modifications
Although the McsB kinase is essential for CtsR degradation
upon heat exposure, but direct CtsR phosphorylation by
McsB is not, McsB kinase must phosphorylate other sites to
initiate CtsR targeting and degradation. It was recently de-
scribed that auto-phosphorylation of McsB is a pre-requisite
to target CtsR in vitro (Kirstein et al, 2007). We used 2D gel
electrophoresis to analyse whether McsB exhibits heat-spe-
cific modifications. We found that McsB is only present with a
main spot and an additional minor spot under control con-
ditions (Figure 6A). In contrast, 10 min upon heat exposure
McsB displayed elongated spot chains with two additional
spots in the acidic area (Figure 6A). These two additional
spots may represent auto-phosphorylated forms of McsB;
60 min after heat exposure, these two additional McsB spots
disappeared, and McsB displayed the same pattern as under
control conditions (Figure 6A).

To test whether McsB auto-phosphorylation is a pre-requi-
site for CtsR targeting, we analysed an McsB kinase-deficient
mutant for its ability to bind CtsR during heat stress in vivo.

A previous study revealed that McsB–CtsR interaction is
strongly increased during heat stress (Kirstein et al, 2007).
However, an McsB kinase-deficient point mutant cannot
properly bind to CtsR during heat stress and McsB–CtsR
interaction was nearly completely abolished (Supplement-
ary Figure S9). This observation shows that McsB kinase
activity is essential for efficient CtsR binding upon heat
exposure.

These results suggest that only heat-activated McsB is able
to bind CtsR. However, McsB is not involved in de-repression
of CtsR; therefore, McsB most likely targets non-functional
CtsR proteins dissociated already from the DNA. We also
investigated the thermal stability of CtsRG64P in vivo. Under
control conditions stability of CtsRG64P was comparable with
wild-type protein (data not shown). But during heat stress,
CtsRG64P appeared more stable than wild-type CtsR
(Figure 6B), reflecting that only free CtsR can be bound by
activated McsB. However, CtsRG64P was very slowly degraded
(Figure 6C). This weak degradation also indicates that heat-
induced McsB-P is able to bind and target free CtsR, which
takes place over time for all CtsR molecules.

YwlE regulates McsB stability during heat stress
In the course of regulated proteolysis, adaptor proteins such
as McsB are able to sense and integrate environmental
signals, thus affecting the stability of their substrates
(Kirstein et al, 2009). McsB kinase is activated during heat
stress leading to regulated degradation of CtsR. However,
during permanent heat stress, CtsR is also re-activated as a
DNA-binding repressor leading again to repression 30 min
after heat exposure (Krüger et al, 1994). We were interested
of how the activated McsB adaptor is shutdown to prevent
degradation of functional CtsR. Therefore, we turned our
attention to regulation of McsB adaptor activity.

We focussed on the stability of McsB, which is very stable
in B. subtilis wild type under control and heat stress condi-
tions (Figure 6D). However, McsB was rapidly degraded upon
heat exposure in a ywlE mutant (Figure 6D), a small phos-
phatase, which has recently been described as the cognate
phosphatase for McsB kinase in vitro (Kirstein et al, 2005).
Interestingly, McsB degradation during heat stress strictly
depends on its kinase activity, because a kinase-deficient
mutant protein (McsBC167S) was stabilized in a ywlE mutant
during heat stress (Figure 6D). These results show that McsB

Figure 5 Stability of CtsR in different mutants. Pulse-chase label-
ling and immunoprecipitation of CtsR after heat stress in B. subtilis
wild-type, McsB kinase-deficient mutant cells (McsBC167S) or
CtsRR63K, CtsRR63K/R70K and CtsRR29K/R50K/R55K/R63K/R70K mutant
cells.
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is stable when de-phosphorylated by YwlE, but gets rapidly
degraded when phosphorylated.

To confirm these findings, we analysed ywlE and ywlE/clpC
mutants with regard to putative McsB modifications by 2D gel
electrophoresis and western blot. In a ywlE knock-out, McsB
displays wild-type-like pattern (Figure 6E), because phos-
phorylated McsB, which is not de-phosphorylated by YwlE,
was rapidly degraded. However, in a ywlE/clpC double
mutant, McsB-P should be stabilized. McsB exhibits a heat-
shock-like pattern with two more spots in the acidic part of
the gel even 60 min after heat stress (Figure 6E), indicating
that McsB-P is neither de-phosphorylated nor degraded.
These results strongly suggest that auto-phosphorylation
and activity of McsB as an adaptor is counteracted by
YwlE, showing for the first time that YwlE is the correspond-
ing phosphatase of McsB also in vivo. When de-phosphoryla-
tion by YwlE failed, McsB-P is rapidly degraded ensuring an
appropriate shutdown of McsB adaptor function.

Proteolysis of CtsR in Gram-positive bacteria lacking McsB
As mentioned above, McsB is absent in several groups of low
GC, Gram-positive bacteria, all of which encode the ctsR
gene. To test whether CtsR gets degraded in these bacteria,
we investigated stability of CtsR exemplarily in L. lactis, a
species that lacks McsB. CtsR was degraded immediately
upon heat exposure (Supplementary Figure S10).
Consequently, a CtsR degradation mechanism that is inde-
pendent of McsB kinase must exists in these bacteria. As
ClpEP was previously shown to be partially involved in
degradation of CtsR in B. subtilis (Miethke et al, 2006), it is
likely that ClpEP also does so in L. lactis. CtsR was stabilized
during heat stress in a L. lactis clpE mutant (Supplementary
Figure S10). In these low GC, Gram-positive bacteria, CtsR
degradation is neither essential for CtsR activity as it was

shown previously that a L. lactis clpE mutant is fully induci-
ble during heat stress (Varmanen et al, 2003).

Discussion

In this study, we showed that global transcriptional regulator
CtsR acts as protein thermosensor in all low GC, Gram-
positive bacteria. CtsR activity was shown to be strictly
temperature dependent both in vivo and in vitro, whereas
CtsR binds to DNA with higher affinity at lower temperatures.
However, the temperature sensitivity of CtsR is adapted to the
specific living conditions of different low GC, Gram-positive
bacteria.

Moreover, we were able to determine the precise func-
tional site for thermosensing within the CtsR molecule.
Substitution of a flexible glycine at position 64 in B. subtilis
CtsR or corresponding residues in other Gram-positive CtsR
species with a more rigid proline residue decreases confor-
mational entropy of the denatured state and consequently
stabilizes the winged HTH region during heat stress. We
conclude that the specific intrinsic heat-sensor ability of
CtsR depends on a highly conserved tetraglycine loop within
the winged HTH domain. This conserved region possesses high
conformational entropy and, therefore, displays decreased ther-
mostability, senses specific temperature shifts and regulates
gene activity, whereas the more flexible regions of CtsR are
responsible for adaptation to host-specific temperatures.

In contrast to previous studies, we showed that McsB
kinase does not participate in initial inactivation of CtsR
during heat stress. However, McsB kinase is absolutely
required for effective CtsR targeting during heat stress.
Auto-phosphorylation of McsB activates McsB as an adaptor
protein for ClpC and targets non-functional CtsR. The adaptor

Figure 6 McsB adaptor ability during heat stress. (A) Western-blot analysis of McsB after 2D separation. (B) Pulse-chase labelling and
immunoprecipitation of CtsRG64P after heat stress. (C) Quantification of CtsRG64P in vivo stability after heat stress, WT and McsBC167S mutant
cells (Figure 2A) (D) Pulse-chase labelling and immunoprecipitation of McsB in wild-type, ywlE mutant or McsBC167S/ywlE mutant cells either
under control conditions or during heat stress. (E) Western-blot analysis of McsB in a ywlE or ywlE/clpC mutant strain after 2D separation.
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function of McsB is inhibited by YwlE, showing for the first
time that YwlE is the cognate McsB phosphatase in vivo.

Our results stand in conflict with a recent publication
(Fuhrmann et al, 2009), who used proteins from the thermo-
phile G. stearothermophilus for in vitro experiments to estab-
lish a general CtsR model for Gram-positive bacteria. We
showed by in vivo and in vitro experiments that G. stear-
othermophilus CtsR activity is regulated in a temperature-
dependent manner, similar to other mesophilic Gram-positive
bacteria and does not depend on an McsB-mediated phospho-
switch, as was postulated by Fuhrmann et al. Finally, we
cannot completely rule out that phosphorylation of CtsR
occurs in vivo, but if it would occur, it should not result in
any regulatory effect in vivo, as we have shown. We suggest
that the discrepancies regarding the function of McsB be-
tween our results and former in vitro studies (Krüger et al,
2001; Kirstein et al, 2005; Fuhrmann et al, 2009) depend on
the fact that McsB is responsible for CtsR inactivation during
disulphide stress (Supplementary Figure S11). Consequently,
McsB is able to inactivate CtsR in vitro, but is not involved in
heat-shock inactivation of CtsR in vivo. We are currently
investigating the specific mechanism by which CtsR becomes
inactivated during disulphide stress.

In Gram-positive bacteria that lack the McsB kinase, our
findings suggest that ClpEP instead of ClpCP has taken over
the regulated degradation of CtsR during heat stress.
Consistent with this observation is the previous discovery

that ClpE unlike ClpC is able to perform ATPase 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.

We propose the following model for CtsR inactivation in
low GC, Gram-positive bacteria (Figure 7). Under control
conditions, CtsR is active as a repressor and binds to its
cognate DNA operator sequences. Furthermore, McsB kinase
is kept largely inactive by binding to ClpC (Kirstein et al,
2005). Upon heat exposure, CtsR looses ability of DNA
binding because of conformational changes in the winged
HTH domain, leading to an induced transcription of the target
genes. 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 as an adaptor protein by McsA is a second, indis-
pensable requirement for CtsR degradation. As a result,
controlled CtsR degradation is regulated by a sophisticated
two-step mechanism. Within 30 min of heat stress, CtsR is
re-activated as DNA-binding repressor, inhibiting transcrip-
tion of the target genes. To prevent inadequate degradation of

Figure 7 Model for heat-dependent regulation of CtsR activity. During control conditions, depicted by the green thermometer, CtsR is active as
a DNA-binding protein and binds to its operator sequences within the promoter of the regulated genes. McsB binds to ClpC and is thereby
repressed in its kinase activity. Upon heat exposure, depicted by the red thermometer, CtsR undergoes a temperature-induced alteration of the
winged HTH region that leads to dissociation of CtsR from the DNA (1). Consequently the transcription of the regulated genes is induced. In
addition, McsB is titrated away from ClpC and is activated in its adaptor function by auto-phosphorylation. McsB kinase is thereby activated by
McsA. Heat-activated McsBBP targets free CtsR (2) for ClpCP-dependent degradation (3) preventing CtsR aggregation. After 30 min, CtsR is re-
activated and represses transcription. Activated McsB is shutdown either by phosphorylation of YwlE or ClpCP-dependent degradation (4).
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functional CtsR repressor, heat-activated McsB adaptor is
down-regulated by either de-phosphorylation of McsB by
YwlE or rapid degradation of phosphorylated McsB adaptor.
The presented model improves our understanding of me-
chanisms for the rapid cellular adaptation of Gram-positive
bacteria to life-threatening heat stress conditions.

Materials and methods

General methods
Strains and primers used in this study are listed in Supplementary
Tables S1 and S2. B. subtilis was grown in liquid media or on LB-
agar plates with tetracycline (17mg/ml), spectinomycin (200mg/ml),
kanamycin (5mg/ml) or chloramphenicol (5mg/ml). L. lactis was
grown with tetracycline (2mg/ml). Escherichia coli DH5a (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 (Hoch, 1991).
Site-directed mutagenesis was conducted using a plasmid as
template containing either the modified clpC operon or ctsR itself.
PCR was performed using primers with the desired nucleotide
substitution after the instructions of the manufacturer (Gene Tailor
System, Invitrogen).

Strain construction
The B. subtilis strains containing ywlE, mcsA/mcsB and the
modified clpC operon were constructed using a modified two-step
fusion PCR protocol (Wach, 1996). For this purpose, a linear DNA
fragment carrying a central resistance marker flanked by homo-
logous sequences representing the chromosomal up- and down-
stream regions of the desired integration site was generated in a
standard PCR using a proofreading DNA polymerase with chromo-
somal DNA of B. subtilis 168 and different resistance markers as a
template, respectively. The resistance markers are composed only of
the gene product together with a corresponding Shine-Dalgarno
sequence, but without a promoter or terminator to exclude any
impact of the inserted marker on the expression of the downstream
genes. The PCR products were separated from template and primer
DNA by electrophoresis in a 0.8% agarose gel. The fragments were
cut out of the agarose gels in the absence of UV irradiation and
purified with the Qiaquick Gel Extraction kit (Qiagen). The purified
fragments were fused in a second PCR reaction through their
complementary ends. The linear fusion product was also purified
after electrophoresis from a 0.8% agarose gel and directly used for
transformation or cloned into the pTOPO vector (Invitrogen) for
respective nucleotide substitutions. Mutants that had inserted the
fragment by a double-cross-over event were selected on LB-agar
plates containing the corresponding amount of selective antibiotics.
Chromosomal DNA from the mutants was used to amplify the
mutated site, which was sequenced to verify the correct insertion or
nucleotide substitution and to exclude undesired point mutations in
the up- and downstream regions.

See Supplementary Table S1 for the full genotypes of strains and
plasmids and Supplementary Table S2 for a list of primers used in
this study.

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 (Stülke et al, 1993) in 500 ml
Erlenmeyer flasks in a shaking water bath at 180 r.p.m. and 371C
until mid-exponential phase (OD at 500 nm 0.5) and then shifted to
a pre-warmed Erlenmeyer flask in a water bath with 501C for heat
stress experiments.

Protein purification
B. subtilis, B. stearothermophilus and L. lactis CtsR and CtsRG65P

were purified after over-expression from E. coli BL21(DE3)pLysS as
follows. Overnight cultures were grown at 371C in Luria-Bertani
(LB) supplemented with 100mg/ml ampicillin for plasmid main-
tenance, inoculated to an starting OD550 of 0.08 in 1 l fresh SB
medium and grown at 371C until OD550 of 0.5. IPTG was added to a
final concentration of 1 mM to induce expression of the recombi-

nant His-tagged protein. The culture was grown with IPTG for 2 h at
371C. 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 was added to a final
concentration of 1 mM to prevent protein degradation. Unbroken
cells and cell debris were removed by centrifugation at 20.000! g
for 30 min. The proteins were purified using an Ni-NTA Superflow
cartridge H-PR according to standard procedures of the manufac-
turer (IBA GmbH, Germany).

Experiments on the stability of proteins in vivo
Experiments for B. subtilis were conducted as described previously
(Gerth et al, 2008) with the following modifications. Cells were
grown in minimal medium until an OD500 of 0.5, transferred to an
Erlenmeyer flask at 501C if stated, immediately radioactively
labelled with S35 methionine for 50 and then chased with a more
thousand-fold excess of L-methionine. For L. lactis, experiments
were carried out according to Savijoki et al (2006) with the
exception that cells were pulse-chase labelled after the shift to 421C.
For experiments with both bacterial species, a polyclonal B. subtilis
CtsR antibody was used for immunoprecipitation.

RNA isolation and northern blots
Samples were taken from unstressed/non-stressed cultures imme-
diately before the shift to 501C 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 10 000! g for 8 min at 41C and stored
in liquid nitrogen until further preparation. RNA isolation and
northern blot analysis were performed as described previously
(Reder et al, 2008). Each RNA blot was stained with methylene blue
before hybridization in order to check RNA quality and ensure that
equal amounts of RNA were loaded and blotted for each lane.
Digoxigenin-labelled anti-sense RNA probes were used for clpE and
clpP mRNAs (Gerth et al, 2004).

Electrophoretic mobility shift assays
Gel retardation analysis was carried out as described earlier
(Kirstein et al, 2005) with the following modifications. The CtsR/
DNA mix was incubated at specific temperatures for 30 min. For
temperature shift, the mix was divided and one half remained at
371C and the other was transferred for 5 min to 501C. DNA band
shifts were visualized by ethidium bromide staining of the native
6% polyacrylamide gel, which allowed differentiation of the
different DNA species. DNA binding was quantified from three
independent experiments by using ImageJ software.

2D-PAGE and western-blot analysis
2D-PAGE was performed as described previously (Büttner et al,
2001). In the first dimension, proteins were separated according to
their pI. For that, 70mg of cytoplasmic protein extract were loaded
onto an IPG strip (18 cm, pH 4–7; GE-Healthcare). In the second
dimension, proteins were separated according to their molecular
mass. This was accomplished by a polyacrylamide gel (12%)
electrophoresis. Western-blot analysis of McsB and CtsR was
performed as described previously (Kirstein et al, 2005).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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Supplemental Information:

Supplemental Materials and Methods:

In vitro cross-linking of CtsR

CtsR was incubated at different temperatures with or without an excess of clpC promoter fragment 

and cross-linked by  the addition of 2mM EDC and 5mM  NHS for 20 min. (Bartegi et al, 1990). 

After addition of SDS sample buffer a 1D-SDS PAGE and a Western Blot with CtsR antibody were 

performed.

Error-prone PCR

An artificially  constructed clpC operon with a specR-cassette (shown in Fig. 1a) was amplified from 

a plasmid using a standard error-prone PCR protocol (Eckert & Kunkel, 1991). The resulting DNA 

fragments were transformed into B. subtilis 168 carrying a clpE`-bgaB reporter construct at the 

amyE locus. This method allowed us to screen for inactive CtsR variants under 37oC on X-Gal 

containing LB plates. Blue colonies were isolated and their ctsR genes were sequenced.

Supplemental Figures:

Figure S1  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. We conclude 

that CtsR activity is more likely  regulated by a general and simpler mechanism in all Gram+ 

bacteria.

Figure S2 Transcriptional analysis of clpE in a ywlE mutant

Northern Blot analysis of B. subtilis clpE mRNA in the wild-type and a ywlE mutant strain during 

exponential growth (37oC) and heat stress (50°C).
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Figure S3 CtsR is inactivated in a temperature dependent manner

(A-B) Binding of CtsR to the clpE promoter fragment which contains additional CtsR binding sites. 

EMSA analysis performed at 37°C (Kd=0.83 ±0.009 (A) or 50°C (Kd=11.34±0.09) (B) and 

quantification of CtsR binding to the clpE promoter at different temperatures (C).

Figure S4 Cross-linking of CtsR at different temperatures

CtsR was cross-linked with DNA (clpC promoter fragment) at 37°C and at  50°C to evaluate 

whether CtsR dimerization is influenced by the dissociation of CtsR from the DNA. The results 

show that the dissociation from the DNA takes place under the maintenance of the CtsR dimers.

Figure S5  Hot-spot mutations in CtsR

The B. subtilis CtsR protein sequence is depicted with several amino acids colored in red, where 

error-prone mutations led to an inactive CtsR protein. The Helix-turn-Helix motive and the winged 

HTH region are underlined.

Figure S6 Impact of different CtsR point mutations on CtsR dependent transcription

Northern Blot analysis of B. subtilis clpE mRNA in a CtsRV16M or CtsRG65S strain during 

exponential growth (37oC) and heat stress (50°C).

Figure S7 Modeled structure of mutant and wild-type CtsR

A theoretical structure of the winged HTH domain was modeled with the G64P substitution (red) 

using SWISS-MODEL (Arnold et al, 2006) and then compared with the CtsR crystal structure 

(Fuhrmann et al, 2009) (green). Areas where both structures are identical appear yellow. The G65P 

amino acid substitution shows no influence on the overall CtsR structure, except at position 64.

Figure S8 CtsRG64P is not temperature dependently inactivated

2



CtsR,!the!GramApositive!master!regulator!of!protein!quality!control,!feels!the!heat!
!

!68!!

CtsRG64P is not inactivated upon heat exposure and binds DNA with an equal intensity  like under 

control conditions.

Figure S9 A kinase deficient McsB mutant is no longer able to bind CtsR during heat stress

Co-immunoprecipitation of McsB or McsBC167S with CtsR during control or 10 minutes after heat 

stress followed by Western-Blot analysis with McsB and CtsR antibodies. 

Figure S10 Degradation of CtsR in L. lactis

Pulse-chase labeling and immunoprecipitation of CtsR in L. lactis wild-type or clpE mutant cells 

during a temperature shift to 42°C.

Figure S11 Inactivation of CtsR during disulfide stress depends on the presence of McsB

Northern Blot analysis of B. subtilis clpE mRNA in the wild-type and a mcsB mutant strain during 

exponential growth and disulfide stress  (1mM diamide).

Table S1. Strains used in this study.

strain/plasmid Genotype or description reference/construction

E. coli

BL21(DE3)pLysS F- lon hsdSB (rB- mB-) with DE3, a λ prophage 
carrying T7 RNA polymerase gene and 
plasmid pLysS containing T7 phage lysozyme 
gene

B. subtilis

168 trpC2 (Anagnostopoulos & Spizizen, 1961)

BMM1 trpC2 amyE::cat (clpE`-bgaB)   (Miethke et al, 2006)

BEK89 trpC2 ∆mcsB::aphA3 (Krüger et al, 2001)

BAE048 trpC2 ∆ywlE::ahpA3 this study

BAE019 trpC2 ctsR::specR this study

BAE051 trpC2 ctsR::specR mcsB C167S this study
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strain/plasmid Genotype or description reference/construction

BAE049 trpC2 ∆ywlE::ahpA3 ∆clpC::tetR this study

BAE056 trpC2 ctsR::specR mcsB C167S ∆ywlE::ahpA3 this study

BAE064 trpC2 ctsR::specR ctsR G64P this study

BAE081 trpC2 ∆mcsB::aphA3 ctsR::specR ctsR G64P BAE064-->BEK89

BAE070 trpC2 ctsR::specR ctsR R63K this study

BAE071 trpC2 ctsR::specR ctsR R63K/R70K this study

BAE072 trpC2 ctsR::specR ctsR R28K/R50K/R55K/R63K/R70K this study

BAE085 trpC2 amyE::cat (clpE`-bgaB) ∆ctsR::aphA3 
pDG148 ::ctsR-G.stearothermophilus 

this study

BAE033 trpC2 ctsR::specR ctsR V16M this study

BAE034 trpC2 ctsR::specR ctsR G65S this study

BDZ12 trpC2 amyE::cat (clpE`-bgaB) ∆ctsR::aphA3 
pDG148 ::ctsR-L.lactis

this study

L. lactis

MG1363 Wild-type L. lactis subsp. cremoris

HI1931 MG1363 ∆clpE::tetR (Varmanen et al, 2003)

plasmids

pDG148 lacI/pspac/kan/ble/B. subtilis ori pUB110/E. 
coli ori pBR322/AmpR

(Stragier et al, 1988)

pRSETA cloning vector, AmpR invitrogen

pRSETA-CtsR cloning vector, AmpR (Krüger & Hecker, 1998)

pRSETA-CtsR-
L.lactis

cloning vector, AmpR this study

pRSETA-CtsR-
L.lactis-G65P

cloning vector, AmpR this study

pRSETA-CtsR-G. 
stearothermophilu
s

cloning vector, AmpR this study

pRSETA-CtsR-G. 
stearothermophilu
s-G64P

cloning vector, AmpR this study

pRSETA-CtsR-
G64P

cloning vector, AmpR this study
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strain/plasmid Genotype or description reference/construction

pUS19-clpCstrep integration vector for B. subtilis this study

pDG148-CtsR-
L.lactis

lacI/pspac/kan/ble/B. subtilis ori pUB110/E. 
coli ori pBR322/AmpR

this study

pDG148-CtsR-G. 
stearothermophilu
s

lacI/pspac/kan/ble/B. subtilis ori pUB110/E. 
coli ori pBR322/AmpR

this study

aphA3, cat, tet and spec stand for resistance to kanamycin, chloramphenicol, tetracyclin and 
spectinomycin, respectively.

Table S2. Primer used in this study.
purpose name sequence (5´-3´)

in vivo genetic system McsA_Bfor2_up GTGGGACATAATATTTCTGAC

McsA_Brev_down TTCCTAGAAGCTGGAGCACC

CtsRrev_spec_SD_up CAAATATATCCTCCTCACTATTTATTTTAATTT
TAAAGAAGTCAGC

McsA_SD_spec_OT AAATAACAGATTAAAAAAATTATAATAAGCGG
GTGAAAAGATTGATTTGTCAAG

Spec_for_SD ATAGTGAGGAGGATATATTTG

Spec_rev_OT TTATAATTTTTTTAATCTGTTATTT

∆ywlE YwlE_up_for GTCGGCCTTGGAATGGGCATG

YwlE_down_rev CATTATGCACCCTCGTCGC

YwlE_km_rev GTGATATTCTCATTTTAGCCATGTCAGTCAC
CCCTTATTTTTC

km_for GAAAAATAAGGGGTGACTGACATGGCTAAA
ATGAGAATATCAC

Ywle_km_for TTACTGGATGAATTGTTTTAGGTTGTCAGAA
AATCTGCAAAC

Km_rev GTTTGCAGATTTTCTGACAACCTAAAACAAT
TCATCCAGTAA

substitution mutants McsB_GTS_C167S_f
or

CAAAGAGGATACTTAACCAGCTCTCCTACA
AACGTA

McsB_GTS_C167S_r
ev

GCTGGTTAAGTATCCTCTTTGCTCATTGAAT
G

CtsR_G64P_GTS_for ATTGTTGAGAGCAAACGCGGGCCCGGCGG
TTACA

CtsR_G64P_GTS_rev CCCGCGTTTGCTCTCAACAATATATCCTCTT
TC
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purpose name sequence (5´-3´)

MCSB_STREP_FOR ATGGCTAGCTGGAGCCACCCGCAGTTCGA
AAAAGGCGCCATGTCGCTAAAGCATTTTATT
CAGG

MCSB_STRET_REV GGCGCCTTTTTCGAACTGCGGGTGGCTCC
AGCTAGCCATTACTCCTGTTCCTCCTCACTA
TC

clpC-STREP-for CGCGGATCCCAATTGACAGAGAAAGTCAG
AAGAAA

clpC-STREP-rev CGGAATTCTTATTTTTCGAATTGCGGATGAG
ACCACGCAGAATTCGTTTTAGCAGTCGTTT
TTAC

R63L_GTS_for GATATATTGTTGAGAGCAAAAAAGGGGGCG
GCGGT

R63L_GTS_rev TTTGCTCTCAACAATATATCCTCTTTCGCT

CtsR_GTS_R70L_for CGGGGGCGGCGGTTACATCAAAATCATTAA
AAT

Ctsr_GTS_R70rev GATGTAACCGCCGCCCCCGCGTTTGCTCT
C

CtsR_R28L_for AGGAAATTTTAGAGATTAAAAAAAGTGAAAT
TGCAG

CtsR_R28L_rev TTTAATCTCTAAAATTTCCTTGCCATTTTG

CtsR_R5055L_for TAAATTATGTCATCAACACCAAATTTACAAG
CGAAAAAGGATATATTG

CtsR_R5055L_rev GGTGTTGATGACATAATTTATTTGGGAAGGA
AC

ectopic expression of 
different CtsR's from 
pDG148

pDG_CtsR_bt_salI ACGCGTCGACGTGCCGAACATTTCCGACA
T

pDG_CtsR_bt_sphI CCCGCATGCCTATTTGTATTTCAGCGACGT

ctsr_llac_for GTCGACATGGCAGGTCAAAAAAATAC

ctsr_llac_rev GCATGCTCAAATTTCATCGTCACGGTC

ove r -exp ress ion o f 
different CtsR's from 
pRSETA

prsetA_CtsR_bt_Bam GGAGGATCCGTGCCGAACATTTCCGACAT

prsetA_CtsR_bt_Eco GAAGAATTCCTATTTGTATTTCAGCGACGT

pRSETA_CtsR_Ll_Ba
m

GGAGGATCCATGGCAGGTCAAAAAAATACA
T

pRSETA_CtsR_Ll_kp
NI

GGTGGTACCTCAAATTTCATCGTCACGGTC
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Figure S2:
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Figure S3:
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Figure S4:
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Figure S5:
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Figure S6:
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Controlled protein degradation is an important cellular reaction for the fast and efficient adaptation of
bacteria to ever-changing environmental conditions. In the low-GC, Gram-positive 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 activated particularly during heat stress, allowing the controlled
degradation of the CtsR repressor by the ClpCP protease. Here we report how the McsB adaptor becomes
activated by autophosphorylation on specific arginine residues during heat stress. In nonstressed cells McsB
activity is inhibited by ClpC as well as YwlE.

Protein degradation is one major task of cellular protein
quality control networks, which ensures the viability and sur-
vival of all living organisms. Damaged proteins that may lead
to protein aggregation can also occur under normal conditions,
but the levels of these protein aggregates are dramatically
increased under a variety of stress conditions (17). These pro-
tein aggregates not only are unable to fulfill their physiological
functions but also can have lethal consequences for the cell. To
protect the cell, these irreversibly damaged complexes must be
removed through energy-dependent protein degradation when
the refolding of misfolded or aggregated proteins by the chap-
erone networks fails (7, 32, 40).

Energy-dependent protein degradation is achieved by large
cylindrical assemblies with a common ring-stacking architec-
ture of diverse complexity in all living organisms. In eubacteria,
including the low-GC, Gram-positive model organism Bacillus
subtilis, different types of ATP-dependent proteases have
evolved (15). For example, the Clp protease complex is formed
by a barrel-like structure of two stacked heptameric rings of
Clp monomers, which form 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 gate-
way to the proteolytic cavity (34).

Hsp100/Clp proteins are responsible not only for ATP-de-
pendent unfolding and translocation of the substrates but also
for substrate recognition (39), which prevents the unwanted
protein degradation of functional proteins. In many cases,
Hsp100/Clp proteins are aided by so-called adaptor proteins,
which bind both the AAA! protein and substrate simultane-
ously, thereby expanding the substrate spectrum of their cog-
nate AAA! proteins (20). Nevertheless, most of the Hsp100/
Clp proteins are also active independently of an adaptor
protein. In contrast, B. subtilis ClpC is unlike most members of
this group and requires specific adaptor proteins not only for

substrate recognition but also for all its activities (19, 21).
Therefore, the regulation of these adaptor proteins is impor-
tant for controlled degradation by the ClpCP protease.

The McsB adaptor is an arginine kinase (12) that is essential
for the regulated proteolysis of the global heat shock regulator
CtsR during heat stress (19, 23). The adaptor activity of McsB
depends on an active kinase (9, 19), which requires its activator
McsA for proper kinase activity. It was shown that ClpC in-
hibits McsB activity in vitro (23). In addition, McsB is antago-
nized by the YwlE phosphatase in vitro (23) and in vivo (9).
Recently, it was demonstrated that the McsB kinase is inhib-
ited in nonstressed cells and becomes activated upon heat
exposure (9).

Here we show how the McsB kinase is activated during heat
stress. Upon heat exposure, the McsB/ClpC interaction is dra-
matically decreased, resulting in an activation of the McsB
kinase. Additionally, we demonstrate that the McsB kinase is
inhibited by ClpC and YwlE.

MATERIALS AND METHODS

General methods. Strains and primers used in this study are listed in Tables S1
and S2 in the supplemental material. B. subtilis cells were grown in liquid
medium (see below) or on LB agar plates with tetracycline (17 "g/ml), specti-
nomycin (200 "g/ml), kanamycin (5 "g/ml), or chloramphenicol (5 "g/ml).

DNA manipulation and other molecular biological procedures were carried
out according to standard protocols. The transformation of B. subtilis cells was
performed by a two-step protocol (18a). Site-directed mutagenesis was con-
ducted by using a plasmid as a template containing the modified clpC operon.
PCR was performed by using primers with the desired nucleotide substitutions
according to the manufacturer’s instructions (Gene Tailor system; Invitrogen).

Culture conditions. B. subtilis 168 cells and the corresponding mutant cells
were inoculated from an exponentially growing culture grown overnight to an
optical density at 500 nm (OD500) of 0.08. The cells were routinely grown in
synthetic medium (36) at 37°C using 500-ml Erlenmeyer flasks and a shaking-
water bath at 180 rpm. When the cells reached the mid-exponential phase
(optical density at 500 nm of 0.5), they were shifted to a 50°C prewarmed
Erlenmeyer flask for heat stress experiments.

In vivo stability of proteins. For assaying the stability of CtsR, cells were grown
in Belitsky minimal medium without citrate supplemented with 0.01% yeast
extract at 37°C. At an optical density at 500 nm of 0.5, cells were labeled with
L-35S-labeled methionine (16.7 "Ci/ml). After 10 min of labeling, the radioactive
methionine was chased by the addition of a 600,000-fold molar excess of cold
methionine, and samples of 4 ml were taken. After centrifugation (10,000 # g at
4°C for 10 min), cells were resuspended in 53.3 "l of lysis buffer (50 mM Tris-HCl
[pH 7.5], 5 mM EDTA, 4 mg/ml [wt/vol] lysozyme, 1.4 mM phenylmethylsulfonyl
fluoride [PMSF]) and incubated for 20 min at 37°C. For complete cell lysis, 8 "l
of 10% (wt/vol) sodium dodecyl sulfate (SDS) was added, and the samples were
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incubated for 5 min at 95°C. Next, 720 !l of KI buffer (50 mM Tris-HCl [pH 8.0],
1 mM EDTA, 150 mM NaCl, 1% [vol/vol] Triton X-100, 1.4 mM PMSF) was
added, and samples were incubated on ice for 15 min. After centrifugation
(10,000 " g at 4°C for 45 min), the supernatants were incubated with specific
polyclonal antisera of CtsR (diluted 1:30) overnight with slow-tilt rotation at 4°C.
A suspension of 40 !l of protein A-coated Dynabeads (Dynal) equilibrated with
KI buffer was added to each sample for an additional incubation time of 2 h. The
beads were washed three times in 500 !l of KI buffer and finally boiled in 10 !l
of SDS sample buffer for 5 min at 95°C. The samples were separated by SDS-
PAGE using Mini-Protean cells (Bio-Rad) with an appropriate marker (Page-
Ruler prestained protein ladder; Fermentas). After electrophoresis, gels were
vacuum dried and exposed to phosphorscreens (Molecular Dynamics) overnight.
Autoradiographs were scanned with an SI PhosphorImager (Molecular Dynam-
ics) or a Storm 840 system (Molecular Dynamics).

RNA isolation and Northern blots. Samples were taken from nonstressed
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
10.000 " g for 8 min at 4°C, and stored in liquid nitrogen until further prepa-
ration. RNA isolation and Northern blot analysis were performed as described
previously (31). Each RNA blot was stained with methylene blue prior to hy-
bridization in order to check RNA quality and ensure that equal amounts of
RNA were loaded and blotted for each lane. Digoxigenin-labeled antisense RNA
probes were used for clpE and clpP mRNAs (13).

Protein purification. Cells were grown until the mid-exponential phase in LB
medium and either heat shocked or not. Prior to cell sampling, proteins were
cross-linked according to methods described previously by Herzberg et al. (18)
and harvested for 10 min at 15,000 " g. Harvested cells were resuspended in
ice-cold buffer W (100 mM Tris-HCl, 150 mM NaCl) and disrupted by using a
French press. PMSF was added to a final concentration of 1 mM to prevent
protein degradation. Unbroken cells and cell debris were removed by centrifu-
gation at 20,000 " g for 30 min. The proteins were purified by using Ni-
nitrilotriacetic acid (NTA) Superflow cartridge H-PR for the purification of
overexpressed Escherichia coli proteins and Strep Superflow cartridge H-PR for
the purification of proteins from B. subtilis according to the manufacturer’s
standard procedures (IBA GmbH, Germany).

Phosphorylation assay. Purified proteins were applied in equal concentrations
(1 !M) in phosphorylation assay buffer (25 mM Tris-HCl [pH 8], 300 mM NaCl,
5 mM MgCl2, and 1 mM dithiothreitol [DTT]) at 30°C in the presence of 1 mM
ATP in a final volume of 15 !l with the indicated combinations of McsA and
McsB.

Coimmunoprecipitation. Coimmunoprecipitation was performed as described
previously (23). Protein A-coated magnetic beads were incubated with 25 !l of
antisera directed against McsB at 4°C for 30 min according to the manufacturer’s
instructions (Dynal). The protein A-antibody complex was incubated with the
soluble cell extract, representing 500 !g protein, from B. subtilis 168 and #clpC
and #clpC #mcsB(C167S) strains cultivated at 37°C as well as heat-shocked cells.
After the formation of the protein A-antibody-antigen complex for 1 h at 4°C,
three wash steps using 0.1% Triton X-100 in phosphate-buffered saline (PBS)
were performed to prevent the nonspecific binding of abundant proteins. Finally,
precipitated proteins were treated with SDS sample buffer at 95°C and then
analyzed by SDS-PAGE and subsequent Western blotting.

Protein identification and quantification of the interaction analysis using
GeLC-ESI-MS/MS analysis. In the experimental setup, the control culture was
grown in unlabeled 14N medium, while the stressed culture was grown in 15N-
enriched medium (Bioexpress 100; CIL US). The cultures were then treated with
p-formaldehyde for reversible protein-protein cross-linking (18). Afterwards,
either McsB or ClpC was isolated by using streptavidin columns. The purified
protein complexes were then analyzed by using GeLC-tandem mass spectrome-
try (MS) (MS/MS), and their presence was quantified as described previously (2).

Purified protein samples were separated by one-dimensional (1D) SDS-
PAGE. After staining with Coomassie silver blue, a complete lane was cut into
five equal gel slices. In-gel digestion was performed with trypsin (Promega,
Madison, WI) as described previously (11). Peptides obtained from in-gel diges-
tion were separated by liquid chromatography (LC) and measured online by
electrospray ionization (ESI)-mass spectrometry. LC-MS/MS analyses were per-
formed by using a nanoACQUITY UPLC system (Waters, Milford, MA) cou-
pled to an LTQ Orbi-trap mass spectrometer (Thermo Fisher Scientific, Wal-
tham, MA) as described previously (2), with the exception of the application of
a flow rate of 400 nl min$1.

Protein identification and quantification were accomplished as described pre-
viously (2). The identification of peptides was carried out by database search

using SEQUEST, version 28 (rev. 12) (Thermo Fisher Scientific), against a
target-decoy database (8,294 entries). This database was composed of all protein
sequences of B. subtilis extracted from UniprotKB (release 12.7) (37a). 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
three biological replicates with no fewer than two peptides. Proteins that were
identified but failed to give reliable quantitative data were manually inspected for
poor quality or presence in only one of the samples, 14N or 15N. 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” or “off” proteins. In this case, the
corresponding 14N- or 15N-peptide was missing for quantification.

Protein digestion, phosphopeptide enrichment, and identification of phos-
phate-containing peptides. Approximately 300 !g (Roti-Nanoquant protein de-
termination; Roth, Karlsruhe, Germany) of purified McsB was digested with
activated trypsin (15 min of incubation at 30°C in activation buffer; enzyme-to-
trypsin ratio, 1:200) overnight at 37°C. The peptide solution was prepared for
phosphopeptide enrichment by using strong-cation-exchange (SCX) chromatog-
raphy and titanium dioxide beads according methods described previously (30).
Peptides were separated and measured according to methods described previ-
ously (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 (ver-
sion v.27, rev. 11; ThermoFinnigan, San Jose, CA). 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 phos-
phorylation of R, S, T, and Y (%79.966331 Da) were set as variable modifica-
tions. Proteins were identified by at least two peptides by 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 that
passed this filter were examined manually and accepted only when b or y ions
confirmed the phosphorylation site.

RESULTS

McsB kinase activity is inhibited by ClpC in vivo. Recently,
it was demonstrated that the McsB adaptor is specifically ac-
tivated upon heat exposure, resulting in the controlled degra-
dation of CtsR (9). We were interested in the molecular details
of McsB inhibition in nonstressed cells and the specific activa-
tion upon heat exposure. An active McsB kinase leads to a
slightly induced transcription of clpE or clpP independent of
the intrinsic regulation of CtsR due to the binding of McsB to
free CtsR molecules, thereby preventing DNA-repressor inter-
actions (9). This observation gave us the opportunity to mon-
itor the activity of McsB in nonstressed cells, when the tran-
scription of clpE or clpP is strongly repressed by CtsR.

The activation of McsB as an adaptor protein depends on a
functional kinase (8, 9, 19), and previous studies revealed that
the McsB kinase activity is inhibited by ClpC in vitro (19, 23).
When ClpC indeed inhibits McsB adaptor activity in vivo, the
McsB adaptor should be activated in a clpC mutant strain due
to the lack of ClpC inhibition leading to slightly induced clpE
or clpP transcription. In fact, the levels of transcription of clpE
as well as clpP were marginally increased in a clpC knockout
strain (Fig. 1A). Nevertheless, CtsR-dependent transcription
in a clpC mutant was strongly induced during heat stress
caused by the recently described intrinsic, heat-dependent in-
activation of CtsR (9) (Fig. 1A). We decided to monitor the
impact of McsB on CtsR activity via clpP transcription, because
CtsR repression is not as strong as it is for clpE due to the
fewer CtsR binding sites in front of clpP (5, 6). Accordingly,
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clpP transcription is more sensitive to small variances of CtsR
activity.

When slightly enhanced transcription is indeed provoked by
an active McsB adaptor, an mcsB knockout should restore the
wild-type situation. In fact, an mcsB clpC double mutant dis-
played a wild-type level of clpP transcription in nonstressed
cells (Fig. 1B), demonstrating that McsB is solely responsible
for the slightly induced transcription in nonstressed cells ob-
served for 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 !clpC background. Also
in this mutant, the enhanced transcription disappeared (Fig.
1C), indicating that an active McsB adaptor causes the en-
hanced transcription of clpP and clpE in a clpC mutant.

Only in its autophosphorylated form is McsB able to bind to
the CtsR repressor (9). To further test whether the activation
of McsB as an adaptor protein indeed evoked the observed
marginal activation of transcription in the clpC mutant, we
analyzed the McsB/CtsR interactions in different strains. In
nonstressed cells, McsB is not autophosphorylated (9), and
McsB did not interact with CtsR (Fig. 1D). However, upon
heat exposure McsB displays multiple heat-specific modifica-
tions (9), and the ability to bind CtsR is massively enhanced
(Fig. 1D). In agreement with the transcriptional data, McsB is
able to interact with CtsR in a clpC mutant even in nonstressed
cells (Fig. 1D), causing decreased CtsR activity, which finally
results in the observed slight increase of clpE and clpP tran-
scription (Fig. 1A). This observation indicates that in a clpC
mutant, the McsB adaptor is active as an adaptor protein. In
contrast, when the autophosphorylation of McsB is prevented
by an inactive McsB kinase (9, 23), McsB is no longer able to
bind to CtsR in a clpC knockout strain (Fig. 1D). These results
demonstrate that the McsB kinase was activated in the absence

of ClpC, suggesting that an inhibition of McsB activity occurs
by the direct binding to ClpC in vivo.

Interaction of McsB with ClpC is 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 kinase
in nonstressed cells. However, upon heat exposure, McsB ac-
tivity is strongly induced (9). The simplest interpretation of this
activation is a diminished inhibition of McsB caused by a de-
creased interaction with ClpC. To monitor changes in the
interaction of McsB with ClpC, we used metabolic labeling
with either 14N- or 15N-labeled medium coupled with MS anal-
ysis as described previously (8).

We compared the specific McsB/ClpC interaction in non-
stressed cells with that of cells that were heat stressed for 5
min. Upon heat exposure, the interaction of McsB with ClpC
was dramatically decreased to approximately 30% compared to
that of nonstressed cells. Accordingly, almost 70% of the McsB
molecules that were associated with ClpC were released upon
heat exposure. The percent dissociations determined by a com-
parison of the McsB/McsA, McsB/ClpC, and ClpC/MecA in-
teractions at 37°C versus 10 min at 50°C (ratios determined by
14N/15N metabolic labeling) were "2.08% # 0.14%,
"68.79% # 8.73%, and "14.54% # 1.69%, respectively. This
observation shows that McsB is activated when released from
ClpC, as was suggested by previous in vitro data (23). In con-
trast, the binding of McsB with McsA was not altered under
these conditions (see above), which is consistent with the fact
that the interaction of McsB with McsA is needed for an
efficient kinase activity (23).

McsB is probably not displaced by other adaptor proteins
on ClpC. Previous in vitro studies reported that McsB is acti-
vated by a titration from ClpC caused by MecA (23). Interest-
ingly, McsB and MecA use the same binding sites on ClpC
(19). However, in the above-mentioned quantitative analysis of
ClpC interaction partners, we did not detect an increase in
levels of known adaptor proteins such as MecA or YpbH
during heat stress. In contrast, the interaction of ClpC with
MecA was decreased upon heat exposure (see above for dis-
sociation values), and a ClpC-YpbH interaction could not be
confirmed by our approach. For further investigation we con-
structed a strain that ectopically overexpresses clpC (see Fig.
S1 in the supplemental material). An increased amount of
cellular ClpC molecules should prevent MecA or other adap-
tor proteins from competitively inhibiting McsB binding to
ClpC. If so, the interaction of McsB with ClpC should not be
disturbed, and McsB kinase cannot be activated. As a result,
CtsR would no longer be degraded during heat stress because
McsB kinase activity is required for this process (9, 19).

However, when we investigated CtsR stability in this clpC
overexpression strain (see Fig. S1 in the supplemental mate-
rial), we did not find 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. However, the
precise molecular details of this process remain unknown, even
though we can rule out that other adaptor proteins are in-
volved in vivo, as was suggested by previous in vitro data (23).

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 (data not shown). Most probably,

FIG. 1. ClpC inhibits McsB kinase in vivo. (A to C) Northern
blot analysis of clpE or clpP transcription in different mutants.
(A) Transcription profiles of the wild type (WT) and a clpC mutant
in nonstressed and heat-treated cells. (B and C) Transcription pro-
file of a clpC mcsB or clpC mcsB(C167S) double mutant in com-
parison to the wild type and a clpC mutant in nonstressed cells.
(D) Coimmunoprecipitation of McsB or McsBC167S in the wild type
and clpC and clpC mcsB(C167S) mutants under control conditions
or 10 min after heat stress, followed by Western blot analysis with
McsB and CtsR antibodies.
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this is due to increased amounts of ClpE shortly after heat
stress (5). ClpE is known to aid ClpC in CtsR degradation
while performing the early proteolysis of CtsR (27). Neverthe-
less, CtsR degradation always depends on the presence of
McsB kinase activity (9, 19). Thus, we were interested in
whether ClpE can replace ClpC with regard to the inhibition of
the McsB kinase.

In nonstressed cells, ClpE is hardly detectable at the protein
level (13). Thus, the overexpression of clpE in trans should
decrease the above-mentioned enhanced transcription of clpP
to wild-type levels in a clpC mutant strain under standard
growth conditions, when ClpE is indeed able to inhibit the
McsB kinase. However, this strain displayed a level of clpP
transcription similar to that of a clpC knockout strain (Fig. 2B),
suggesting that ClpE is not able to inhibit McsB kinase in vivo.

Activated McsB is autophosphorylated on arginine residues.
It has long been known that McsB can be autophosphorylated in
vitro (12, 19, 23). Recently, we demonstrated that McsB also
underwent autophosphorylation during heat stress in vivo, which
is essential for the targeting of CtsR (9). We used phosphopeptide
enrichment by titanium dioxide (TiO2) chromatography (30) and
online ESI-mass spectrometry with a nanoACQUITY UPLC sys-
tem coupled to an LTQ Orbi-trap mass spectrometer to deter-
mine the specific autophosphorylation sites of McsB in vitro. 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 ATP guanidino-phosphotransferase domains that are
critical for kinase activity (23, 25). In contrast, the adjacent C-ter-
minal domain is not homologous to these eukaryotic phospho-
transferases and thus may not contain catalytic residues. Because

FIG. 2. McsB kinase is activated by a release from ClpC. (A) Sta-
bility of CtsR in different mutants. Shown are data from pulse-chase
labeling and immunoprecipitation of CtsR after heat stress in the B.
subtilis wild type, in a kinase-deficient mcsB mutant (McsBC167S), and
in a strain which ectopically overexpresses clpC. (B) Northern blot
analysis of clpP in nonstressed wild-type cells, clpC mutant cells, and
cells of a clpC knockout strain that ectopically overexpresses clpE.

FIG. 3. McsB is autophosphorylated on different arginine residues in vitro. McsB was incubated with its activator McsA for 20 min in the
presence of 10 mM ATP, allowing phosphorylation events. The mixture was then trypsin digested, and the phosphopeptides were enriched and
analyzed by mass spectrometry (for more details see Materials and Methods). The panels show the spectra of five arginine-phosphorylated peptides
of McsB. McsB was phosphorylated on residues R29, R190, R255, R269, and R272. The b and y ions are highlighted, and the peptide sequences
are indicated. The amino acids that were identified by mass spectrometric analysis are displayed in colored, bold letters. The upper sequence
corresponds to the b ions, and the lower sequence corresponds to the y ions. AMU, atomic mass units.
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McsB is capable of binding free CtsR only in its autophosphory-
lated form (9), we hypothesize that these phosphorylations may
result in a conformational change that allows McsB to bind to
CtsR.

YwlE and ClpC both inhibit the McsB kinase. Recently, it
was reported that the YwlE phosphatase antagonizes McsB in
vivo (9, 16, 22). Accordingly, we were interested in whether YwlE
contributes to the regulation of McsB activity.

In a clpC mutant, the McsB kinase is activated due to the
absence of its inhibitor ClpC, but YwlE could still contribute to
McsB inhibition, as was previously shown for the shutdown of the
McsB adaptor during heat stress (9). Any increased level of McsB
activity in a clpC ywlE double mutant would point to an additional
inhibition of McsB by YwlE, even in nonstressed cells. We de-
tected that clpP and clpE transcription levels are once more ele-
vated in nonstressed cells compared to clpC single-knockout mu-
tant cells (Fig. 4A and B), indicating an enhanced McsB activity
in the absence of clpC and ywlE. Nevertheless, transcription is
also strongly induced upon heat exposure in this double mutant
(Fig. 4A) due to the intrinsic heat sensing of CtsR (9). To confirm
that the McsB kinase is not further activated in the absence of
YwlE and ClpC, we analyzed CtsRG64P derepression in a clpC
ywlE mutant. CtsRG64P is no longer able to respond to heat stress,
but it was demonstrated previously that this CtsR variant was still
marginally inactivated during heat stress due to the heat-depen-
dent activation of the McsB adaptor (9). CtsRG64P was already
partially inactivated in nonstressed cells of a clpC ywlE double
mutant comparably to wild-type CtsR in the clpC ywlE mutant,
but no further CtsR derepression was found during heat stress,
showing that heat-dependent McsB activation does not occur in
this mutant (Fig. 4C). Accordingly, McsB was already fully active
in nonstressed ywlE clpC mutant cells, demonstrating that ClpC
and YwlE are the only inhibitors of McsB.

We used two-dimensional (2D) PAGE to analyze McsB mod-
ifications that may represent autophosphorylated forms of McsB
in the different mutant strains. As described above, we found that
McsB is present with only one distinct spot in nonstressed cells
(Fig. 4D) (9). In contrast, at 10 min upon heat exposure, McsB
displayed an elongated spot chain with two additional spots in the
acidic area, suggesting autophosphorylated forms of McsB (Fig.
4D) (9). Consistent with the observed activity of the McsB adap-
tor, McsB exhibits an additional spot in a clpC mutant in non-
stressed cells (Fig. 4D). This McsB modification disappeared in
the kinase-inactive McsB mutant protein (Fig. 4D), consistent
with the above-mentioned transcriptional studies (Fig. 1D). In-
terestingly, only when both McsB inhibitors, ClpC and YwlE,
were mutated did McsB exhibit a heat-shock-like pattern in non-
stressed cells (Fig. 4D) (9). These results suggest that both ClpC
and YwlE contribute to the inhibition of the McsB adaptor in
nonstressed cells.

Active McsB adaptor impairs growth. The ywlE clpC double
mutant displayed a severely impaired growth phenotype in min-
imal (Fig. 4E) as well as in complex (data not shown) media. The
clpC and the ywlE single mutants showed only minor growth
defects in minimal medium (Fig. 4E) and exhibited wild-type-like
growth in complex medium (data not shown). We propose that
the activation of McsB due to the absence of both inhibitors ClpC
and YwlE may be responsible for this phenotype. Activated McsB
is able to bind substrates such as CtsR (9), thus disturbing protein
activity (Fig. 1). Therefore, McsB might bind to other, putative

FIG. 4. McsB is involved as an adaptor protein in general protein
turnover. (A) Northern blot analysis of clpP in cells of the wild type, a
ywlE mutant, a clpC mutant, and a clpC ywlE double-knockout strain.
(B) clpE-bgaB activity in nonstressed wild-type cells and in cells of a ywlE
mutant, a clpC mutant, and a clpC ywlE mutant. (C) Northern blot anal-
ysis of clpP in CtsRG64P, CtsRG64P !mcsB, and CtsRG64P !clpC !ywlE
backgrounds. (D) Western blot analysis of McsB in wild-type and clpC,
clpC mcsB(C167S), and ywlE clpC mutant strains after 2D separation.
(E) Growth curves of B. subtilis strains, including wild-type strain 168 and
!clpC, !ywlE, !mcsB, !clpC !ywlE, !clpC !ywlE !mcsB, and !clpC
!ywlE !mcsB(C167S) mutant strains in minimal medium.
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substrates, thereby hampering their physiological function, result-
ing in a severe disturbance of cellular physiology. If such a theory
is true, an mcsB clpC ywlE triple-knockout mutant should sup-
press the growth phenotype of the double mutant. In fact, the
growth of the triple mutant is mostly restored compared with the
growth of the ywlE clpC double mutant (Fig. 4E). To test whether
this growth defect is provoked by the adaptor activity of McsB, we
analyzed a ywlE clpC double mutant, where the McsB kinase was
inactivated (9, 23). In this mutant, McsBC167S cannot be auto-
phosphorylated and thus is not hyperactivated as an adaptor pro-
tein. As expected, the growth of this mutant was also restored.
Both mcsB mutants roughly behave like the single mutants (Fig.
4E). Based on the above-mentioned observation that active McsB
binds and inactivates CtsR, one could speculate about additional
substrates that are targeted by McsB, whereby McsB interferes
with the cell physiology.

DISCUSSION

In this study, detailed molecular insights into how McsB adap-
tor function is controlled in vivo were gained. Generally, the
McsB kinase is inhibited by a direct interaction with ClpC. This
interaction is dramatically diminished upon heat exposure, sub-
sequently activating McsB. ClpC not only inhibits the McsB ki-
nase by direct interactions but also degrades activated McsB (9).
Consistent with previously described 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 in regulated proteol-
ysis in bacteria (1, 20). However, the precise molecular details of
how these adaptors are controlled are largely unknown. Only for
specific model adaptor proteins, such as MecA in B. subtilis or
RssB in Escherichia coli, have regulatory details been reported.
MecA is responsible for the degradation of the competence reg-
ulator ComK by ClpCP in B. subtilis, thereby regulating natural

competence. The activity of MecA is modulated by the antiadap-
tor protein ComS, which binds with a higher affinity to MecA,
subsequently releasing ComK, and activates competence devel-
opment (37). The phosphorylated adaptor protein RssB targets
RpoS in E. coli, the master regulator of the general stress re-
sponse, 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, the
activity of RssB is also regulated by different antiadaptor proteins,
such as IraP, IaM, or IraD, which all sense and integrate different
stress signals (3).

Our results imply a similar multiple regulation of McsB activity
by the three regulators of McsB: ClpC, YwlE, and McsA. We
suggest that each regulator senses and integrates different stress
signals independently regulating McsB activity. The independent
regulation of the two inhibitors ClpC and YwlE is suggested by
the severe impact of the permanently activated McsB kinase on
cell physiology when both inhibitors are mutated (Fig. 4E). This
observation indicates that one of the two inhibitors of McsB is
always present in its active form, preventing cell damage. Conse-
quently, the activities of both proteins are essential for an appro-
priate inhibition of McsB. Thus, the inactivation of one of the two
inhibitors leads to an activation of McsB. We demonstrated that
McsB is activated by a release from ClpC during heat stress but
that YwlE still inhibits McsB (9). To date, nothing is known about
the regulation of YwlE activity, but most probably, YwlE senses
and integrates cellular signals other than ClpC, resulting in a
specific YwlE-dependent response. YwlE is highly homologous
with low-molecular-weight protein tyrosine phosphatases
(LMWPTPs) and contains a conserved cysteine residue in its
active center (29). It is known that this cysteine residue possesses
regulatory potential in eukaryotes (4) and might also play a role
in the regulation of McsB activity in B. subtilis.

ClpC and YwlE do not inhibit McsB with the same intensity. In
the absence of ClpC, McsB is strongly activated (Fig. 1A),

FIG. 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 interrupted only by thiol-specific stresses. ClpC
strongly inhibits McsB activation by direct contact with McsB. This inhibition is diminished under different protein stress conditions. In addition,
ClpC is able to control McsB activity by regulated proteolysis, when active McsB is degraded by ClpCP. YwlE can also inhibit McsB but with a
weaker intensity than that of ClpC.
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whereas a ywlE knockout leads to only a minor activation of McsB
in nonstressed 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 nonstressed cells and gets rapidly de-
graded only upon heat exposure, when the inhibition of McsB by
ClpC is attenuated (see Fig. S2 in the supplemental material).
Thus, McsB activity is affected primarily by ClpC-dependent in-
hibition, and we could show that this inhibition is decreased upon
heat exposure. Consistent with this finding, the McsB substrate
CtsR is degraded only during heat and protein stress (25). Ac-
cordingly, this observation also supports the argument that the
McsB adaptor exerts its main role in the adaptation of the cell to
protein stress.

Nevertheless, McsA is essential for the activation of McsB as an
adaptor protein (19, 23). Thus, the interaction of McsA with
McsB represents an additional layer of McsB control. Recently,
we showed that the strong interaction of McsA with McsB is
abolished during thiol-specific stress. This prevents the activation
of McsB by either YwlE or ClpC under these conditions. All in
all, three different proteins are involved in the control of McsB
activity (Fig. 5). Under standard growth conditions, McsB is in-
hibited by ClpC as well as YwlE, preventing activation by McsA.
Probably all three regulators of McsB sense and integrate differ-
ent stress signals. We were able to demonstrate that the stronger
inhibition of ClpC is decreased by protein-folding stress. Under
these circumstances, YwlE is active, but the McsB adaptor func-
tion is strongly induced.
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Supplemental Information:

Figure S1: Western-Blot analysis of ClpC and McsB

(A) ClpC overproduction in a strain carrying clpC ectopically under an IPTG-inducible promoter in 

comparison with a wild-type. (B) McsBC167S is expressed rather identically to the wild-type McsB 

protein.

Figure S2: McsB dependent proteolysis of CtsR is stronger inhibited by ClpC than by YwlE

Stability  of B. subtilis CtsR in different mutants. CtsR stability was monitored in the wild-type and 

in an ywlE mutant by pulse-chase labeling and immunoprecipitation.

Table S1. Strains used in this study.

strain/plasmid Genotype or description reference/construction

B. subtilis

168 trpC2 (1)

BEK89 trpC2 ∆mcsB::aphA3 (4)

BAE048 trpC2 ∆ywlE::ahpA3 (2)

BAE057 trpC2 ∆mcsB/clpC::spec BEK89-->BUG08

BAE058 trpC2 ∆clpC::tet ctsR::specR mcsB C167S BAE051-->BUG08

BSM011 trpC2 clpC::pUS19::clpC STREP this study

BAE025 trpC2 ctsr::spec mcsBSTREP this study

BAE051 trpC2 ctsR::specR ∆clpC::tet mcsB C167S this study

BMM27 trpC2 ∆clpC::tet ∆clpE::spec (5)

BAE037 trpC2 ∆clpC::tet pxyL::clpE this study

BUG08 trpC2 ∆clpC::tet (3)

pDG148_clpC lacI/pspac/kan/ble/B. subtilis ori pUB110/E. 
coli ori pBR322/AmpR

this study

aphA3, cat, tet and spec stand for resistance to kanamycin, chloramphenicol, tetracyclin and 
spectinomycin, respectively.
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Table S2. Primer used in this study.
purpose name sequence (5´-3´)

mcsB-strep McsB_Strep_GTS_for GTCGGCCTTGGAATGGGCATG

McsB_strep_GTS_rev TTGATCCTTTTTTTATAACAGGAATTCCTAA
GTTGTCACAAAATCTGCAA

ΔmcsB/clpC mcsB_clpC_double_f
or

CATTATGCACCCTCGTCGCC

spec_rev GGTCCGATCACCCGTTCACC

spec_for ATGAAATCTAACAATGCGCTCATCGT

mcsB_clpC_double_r
ev

TCAGGTCGAGGTGGCCCGGCTCCATG

clpC-strep YwlE_Strep_for ATGGCTAGCTGGAGCCACCCGCAGTTCGA
AAAAGGCGCCATGG ATATTATTTTTGTCTGT

YwlE_Strep_rev GGCGCCTTTTTCGAACTGCGGGTGGCTCC
A G C T A G C C A T G T C A 
GTCACCCCTTATTTTTTTA
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Reversible protein phosphorylation is an important and ubiquitous protein modification in 

all living cells. Here we report that protein phosphorylation on arginine residues plays a 

physiologically significant role in the regulation of protein activity. We detected 121 

arginine phosphorylation sites in 87 proteins in the Gram-positive model organism Bacillus 

subtilis in vivo. Moreover, we provide evidence that protein arginine phosphorylation has a 

functional role and is involved in the regulation of many critical cellular processes, such as 

protein degradation, motility, competence, stringent and stress responses. Our results 

suggest that in B. subtilis the combined activity of a protein arginine kinase and 

phosphatase allows a rapid and reversible regulation of protein activity and that protein 

arginine phosphorylations play a physiologically important and regulatory role in bacteria.  

 

Introduction: 
 Proteins perform crucial cellular functions ranging from catalysis and signal transduction 

to providing structural building blocks. These complex three-dimensional structures formed by 

polypeptides can be modified, which can effect and modulate all their various activities. These 

post-translational modifications are ubiquitous and important for regulation of protein activity in 

all living cells, allowing the cellular physiology to adapt rapidly to the ever-changing 

environment. Among the various known post-translational protein modifications, reversible 

protein phosphorylation has emerged as one of the most important signal transduction processes 

in all three domains of life (1).  

  Until recently, analysis of the bacterial phosphoproteome was restricted to the use of 2D-

PAGE and classical biochemical approaches, which give only limited information on the specific 

phosphorylations sites. Recent technical developments in the field of high accuracy mass 

spectrometry allowed the global detection of phosphorylation sites in proteins with high 

sensitivity and has been used to characterize the Ser, Thr and Tyr phosphoproteome for different 

bacterial species (2, 3). However, protein phosphorylation on either His or Asp, although 

commonly used in bacterial two-component regulatory systems, are difficult to detect by mass 

spectrometry (MS) due to its chemical instability at lower pH values (pH<8). Nevertheless, only 

protein phosphorylation on serine, threonine, tyrosine, histidine, cysteine and aspartate residues 

has so far been described for bacteria by different methods and their important roles in signal 

transduction and physiology firmly established (3-6).   
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 Recently, a bacterial protein arginine kinase, McsB, was identified and its activity 

characterized in vitro (7), and two McsB substrates, which were phosphorylated on arginine 

residues, were identified in vitro (7, 8). A functional McsB kinase is required for the controlled 

degradation of the global heat shock regulator CtsR (9-11) as well as for the de-localization of 

competence proteins (12). These observations suggest that McsB mediated protein arginine 

phosphorylation should occurs in bacteria but neither the occurrence of the modification in vivo 

itself nor a physiological function for it has yet been described.  

 Here we demonstrate that protein arginine phosphorylation does take place and is 

functional inside living cells. We identified 121 arginine phosphorylation sites in 87 proteins in 

the Gram-positive model organism Bacillus subtilis in vivo. Moreover, we demonstrated a 

physiological role of protein arginine phosphorylation in the case of the Hsp/100 Clp protein 

ClpC, since we observe that the ClpC activity is regulated through a McsB-dependent 

phosphorylation on two arginine residues. In addition, we provide evidence that protein arginine 

phosphorylation plays a significant role for many other regulatory processes within the bacterial 

cell. This is a first and important step in characterizing the cellular functions of this newly 

discovered protein modification. 

 

Results: 
  

Protein arginine phosphorylation exists in vivo 

 We attempted to identify phosphorylation on protein arginine residues in vivo in a 

Bacillus subtilis wild-type strain with various proteomic approaches, but failed to detect it. 

However, the YwlE phosphatase had been identified as the cognate McsB phosphatase in vitro 

and was shown to antagonize the activity of McsB in vivo (8, 9, 11-13). This observation strongly 

suggests that YwlE may act as a general protein arginine phosphatase so that protein 

phosphorylation on arginine residues could be more stable and enriched in an ywlE deletion 

strain. Therefore, we analyzed an ywlE mutant for global protein phosphorylation. We were able 

to detect distinct arginine phosphorylations in an ywlE mutant strain with a global, label-free, gel-

free, and site-specific approach using high accuracy mass spectrometry in combination with 

biochemical enrichment of phosphopeptides from digested cell lysates using TiO2 

chromatography. The enriched phosphopeptides were analyzed using nanoscale LC coupled to 

high resolution hybrid mass spectrometers (LTQ-Orbitrap Velos). Peptides were fragmented and 
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analyzed using multi-stage activation in the linear ion trap part of the instrument or higher-energy 

collision-activated dissociation (HCD) as the fragmentation technique. The precise masses of the 

fragment ions generated by HCD and the precise peptide masses were acquired in the high 

resolution Orbitrap section. Stringent validation criteria for each of the identified 

phosphopeptides (14), especially in terms of the precursor ion mass accuracy and fragmentation 

pattern in MS/MS measurements, were applied to maximize the confidence of identification (see 

Material and Methods section for details).  

 In total, we identified 118 unique arginine phosphorylation sites in 87 proteins with very 

high confidence using stringent quality criteria for the validation of the phosphorylation site (Fig. 

1A + B and table 1). We also detected already known protein phosphorylations on either serine, 

threonine or tyrosine residues on proteins such as in PtsH (15) and RsbRB (16) (table S5), which 

shows that the method used permits the detection of other protein phosphorylations. In 

accordance with standards for the identification of phosphorylation sites, a spectrum for each of 

the phosphopeptide is listed in the supplemental material (Table S3 + S4 + S5). These 

observations clearly demonstrate for the first time that protein arginine phosphorylation exists as 

a post-translational modification in vivo in bacteria. Under the conditions tested, the arginine 

phosphorylated proteins detected are distributed among distinct physiological classes of proteins, 

including regulators, metabolic enzymes, stress and ribosomal proteins (Fig. 1A).  

 

YwlE is a protein arginine phosphatase 

 To confirm that the detection of protein arginine phosphorylations indeed depends on the 

presence of YwlE, we also analyzed an ywlE mutant protein extract that was treated in vitro with 

purified YwlE protein prior to MS analysis. In addition, we also over-expressed ywlE in trans in 

an ywlE mutant in vivo. In both cases, no protein arginine phosphorylations could be detected, 

which indicates that YwlE is able to de-phosphorylate nearly all protein phospho-arginine 

residues. Furthermore, thirty YwlE-dependent phosphorylated proteins were detected in a 

complex with YwlE in vivo (Table S6). This close interaction of these arginine phosphorylated 

proteins with YwlE suggests that these proteins are indeed substrates for the YwlE phosphatase.   

 As noted above, it was reported that YwlE is the cognate phosphatase for the McsB kinase 

in vitro and also antagonizes McsB activity in vivo (8, 9, 11-13). Consequently, we wondered 

whether McsB is solely responsible for the arginine phosphorylations detected in the ywlE 

mutant (Table 1). Protein arginine phosphorylations were massively diminished in an ywlE/mcsB 
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double deletion strain, demonstrating that McsB indeed is responsible for most of the protein 

arginine phosphorylations, which are substrate for the YwlE phosphatase. This observation 

confirms that YwlE specifically antagonizes McsB activity in vivo. However, we also detected 

four proteins with arginine phosphorylations in this mutant (Fig. S1), which implies that an 

additional protein arginine kinase may exist in B. subtilis.   

 To verify these results, we performed in vitro phosphorylation experiments with purified 

proteins that has been shown to be phosphorylated on arginine residues in vivo. Our results 

confirm that these proteins (GapA, PfkA, ScoC, SsbB, ComK, Icd) are indeed phosphorylated by 

the McsB kinase (Fig. 2A), implying that McsB is also required for their phosphorylation in vivo. 

Consistent with our in vivo observations, these proteins, when phosphorylated in the presence of 

McsB and its activator McsA, are de-phosphorylated by the YwlE phosphatase in vitro (Fig. 2B). 

We were also able to confirm by high-accuracy mass spectrometry (Fig. 2C + table S8), that the 

phosphorylation sites that had been detected in vivo were also detected in the purified proteins 

that had been treated with McsB in vitro, but not when YwlE was also present in vitro. This 

strongly suggests that McsB is responsible for most of the YwlE-dependent protein arginine 

phosphorylation that we have identified in vivo (table 1). However, RecA (Fig. S1), which was 

identified as a protein that is phosphorylated on arginine independently of McsB in vivo, was also 

not phosphorylated by McsB in vitro (Fig. 2A). This implies that an additional protein arginine 

kinase exists in B. subtilis. 

 In summary, these results suggest that YwlE acts as a protein arginine phosphatase that 

specifically de-phosphorylates arginine residues both in vitro and in vivo. To our knowledge, 

YwlE is the first bacterial protein arginine phosphatase to be described. 

 

Cooperative activity of protein arginine phosphatase/kinase affects the expression of 

different regulatory networks 

 

 To characterize the regulatory impact of protein arginine phosphorylation in the 

phosphatase (ywlE) and the phosphatase/kinase (ywlE/mcsB) mutant strains, we monitored the 

influence of protein arginine phosphorylation on global gene expression using microarray 

analyses. For the comparison of the strains we generated Voronoi Treemaps (17). This type of 

presentation combines the expression value of each gene with its regulatory unit and clusters the 

gene in the treemap due to its regulation (18) (e.g. all the SigB-dependent genes in the SigB 
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cluster) for a detailed view on the physiological changes in one plot to visualize the main 

differences between the strains we depicted the expression rate for each gene (figure 3). Genes in 

red are up-regulated, whereas genes depicted in blue are down-regulated and genes in grey are 

not changed in their expression between the two investigated strains.  

 These data demonstrated that an ywlE deletion has a significant impact on gene 

expression when compared with a wild-type strain (Fig. 3A + 3B), which indicates that protein 

arginine phosphorylation has a strong influence on gene expression. The observation that nearly 

all genes of different distinct regulatory units (regulons) were specifically changed in their 

expression implies that arginine phosphorylation of individual regulatory proteins may be 

responsible since nearly all genes of distinct regulatory units are changed in their expression. For 

example, ComK-dependent gene expression was strongly up-regulated in an ywlE mutant (Fig. 

3A + 3B) and we observed that ComK was also specifically phosphorylated on arginine residues 

in an ywlE mutant (table 1) suggesting that this phosphorylation event could be involved in the 

regulation of ComK activity.  

 To confirm that protein arginine phosphorylations are responsible for the altered gene 

expression in the ywlE mutant, we also analyzed an ywlE/mcsB double mutant, where the only 

known bacterial protein arginine kinase McsB (7)is mutated and the amount of cellular arginine 

phosphorylation is dramatically decreased (Fig. S1). If the changes in gene expression observed 

in the ywlE mutant indeed depends on a McsB-dependent protein arginine phosphorylation, these 

changes should be restored to the wild-type levels in the ywlE/mcsB mutant because protein 

arginine phosphorylation, which caused the changed expression, should be absent in this mutant. 

In fact, the expression pattern of different regulons in this mutant was restored to wild-type levels 

when compared to the ywlE mutant (Fig. 3C + 3D), which demonstrates that the altered 

expression of these regulons in the ywlE mutant depends on the presence of the protein arginine 

kinase McsB. This observation strongly suggests that McsB-dependent protein arginine 

phosphorylations that are de-phosphorylated by YwlE are responsible for these regulatory events. 

The expression of different regulons such as the ComK, YesS, Fnr, MtnR, AbrB, SinR, SigB, 

CtsR, AcoR, BirA, NadR regulons and the stringent response are somehow influenced by 

McsB/YwlE dependent phospho-switch (Fig. 3C + 3D + 4A + S2A + S2B), but the specific 

functional site for these regulatory events need to be addressed in further studies. Nevertheless, 

the observed differences in gene expression for this cluster of genes caused by mutation of the 
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arginine protein kinase/phosphatase genes suggest a direct involvement of protein arginine 

phosphorylation in gene regulation.   

 We also detected expression patterns for several regulons in the ywlE/mcsB double 

mutant that are not changed compared to the ywlE mutant (Fig. 3E + 3F) but are massively 

altered when compared to the wild-type (Fig. 3C +3D). These results imply that the expression of 

this group of genes, i.e. the SigD, Xpf, PyrR, Rok, HrcA, SigE, FadR, PucR and YvrHB regulons 

(Fig. 4B + S2C + 2D), are influenced through the YwlE phosphatase but not in a McsB-

dependent manner. Instead, this observation implies that the expression of these genes is 

influenced by YwlE-dependent stabilization of protein arginine phosphorylations that are not 

catalyzed by McsB.  

 We could also confirm the observed changes for the transcription of selected genes 

observed in our transcriptomics experiments on the proteomic level using 35S-methionine pulse-

labeling and 2D-PAGE (Fig. S3). These data indicate that protein phosphorylation on arginine 

residues has very broad regulatory potential and influences the expression of many important 

developmental programs, such as competence development, motility, stress and stringent 

response and biofilm formation. 

 

Phosphorylation on two arginine residues of ClpC is required for McsB-dependent ClpC 

activity 

  

 To verify the physiological and functional significance of protein modification by 

arginine phosphorylation in wild-type cells, we analyzed the influence of protein arginine 

phosphorylation on protein activity for a specific model substrate. We decided to investigate the 

arginine phosphorylations of the Hsp100/Clp protein ClpC (R5 and R254 see Table 1) of the 

AAA+ protein family (19). In contrast to other Hsp100/Clp proteins, ClpC activity depends on 

the assistance of specific adaptor proteins (20). These include MecA, which targets ComK for 

ClpCP-dependent degradation (21), and McsB, which in its kinase-active form is able to assist 

ClpCP-mediated degradation of CtsR (10, 22). 

 We hypothesized that the ClpC arginine phosphorylations play an important role for the 

McsB-mediated ClpC activity. Using ClpC protein purified from B. subtilis ywlE mutant cells, 

we were able to detect five arginine phospho-sites in total (Fig. S4), which could neither be 

identified in the wild-type nor in the ywlE/mcsB mutant, demonstrating the YwlE/McsB 
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dependence of these modifications. Two of them (R5 and R254) were already found by our 

global approach (Table 1), but three of them (R96, R380, R443) were not previously described 

(Table S7). To analyze the effect of these ClpC arginine phosphorylations, we mutationally 

substituted the corresponding ClpC arginine residues and measured the adaptor-dependent 

induction of the ClpC ATPase activity in vitro (Fig. 5A + 5B). As previously reported (10, 22)), 

all ClpC proteins showed very low ATPase activity in the absence of an adaptor protein. When 

McsB and its activator McsA were added to the assay, the ATPase activity of wild-type ClpC was 

fully induced. Some of the ClpC point mutants (R96, R380, R443) are also induced in the 

presence of McsA/B implying that phosphorylation of these arginine residues is not essential for 

the McsB mediated activation of ClpC. However, the ClpCR5 and ClpCR245 variants were not, or 

only marginally, activated by the McsB kinase when compared with wild-type ClpC. These 

results demonstrated that phosphorylation of two arginine residues of ClpC (R5 and R254) by 

McsB is required for the McsB-mediated ClpC activity in vitro.  

 In contrast, MecA, another ClpC adaptor (20), was still able to induce these ClpC-variants 

ClpCR5A and ClpCR254A (Fig. 5B). This observation indicates that these ClpC variants are 

generally functional in their activity and only lack the ability to be induced by McsB.   

 To analyze the effect of the different ClpC-variants in the wild-type background, we used 

a genetic system to introduce substitution mutations into the clpC locus (11). Thereby, we could 

investigate the impact of ClpC arginine phosphorylation on CtsR proteolysis by pulse-chase 

labeling and immuno-precipitation in vivo (Fig. 5D) and by using purified components in vitro 

(Fig 5C).  

 The observed in vivo stabilization of CtsR in the respective clpCR5 and clpCR254 strains 

and the in vitro stabilization of McsB with ClpCR5 and ClpCR254 but not with the wild-type ClpC 

variants demonstrate that the McsB-dependent proteolysis of CtsR by ClpCP requires 

phosphorylation of ClpC on the specific identified arginine residues (R5 and R254) in vivo and in 

vitro (Fig. 5C + 5D). We have also confirmed that McsB still can bind to the different ClpC 

variants similarly as it binds to the wild-type ClpC protein in vivo and in vitro (Fig. 5E + S4). 

 Additional experiments demonstrated that the MecA-dependent ClpC activity is 

independent from phosphorylation of these ClpC arginine residues. As mentioned above, the 

ATPase activity of ClpCR5A and ClpCR254A was activated like wild-type ClpC by MecA in vitro 

(Fig. 5B) and consequently MecA was degraded by ClpCR5 and ClpCR254 at a rate comparable to 

the wild-type ClpCP in vitro (Fig. 6A). In addition, the amount of ComK is not altered in the 
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clpCR5 and clpCR254 strains when compared to the wild-type in vivo (Fig. 6B). Furthermore, the 

ComK dependent transcriptional activation of the comG promoter, which is regulated by the 

controlled degradation of ComK through the MecA/ClpCP complex, is also not changed in the 

ClpC point mutants (Fig. 6C), demonstrating that ComK is still degraded by these ClpC-variants 

that can not be phosphorylated on these specific arginine residues in vivo. These results 

demonstrate, that the general MecA-dependent activity of ClpC is not influenced by ClpC 

arginine phosphorylation but that the phosphorylation of R5 and R254 is required for a functional 

activation of ClpC by McsB.  

Taken together these in vitro and in vivo results also suggest that a specific McsB-dependent 

protein arginine phosphorylation event is of functional importance in the wild type cells and 

displays a clear phenotype. 

 

Discussion: 
 

 In this work, we demonstrated that the recently discovered modification of proteins by 

arginine phosphorylation (7)  occurs and is functional in vivo. The identification of the first 

known bacterial protein arginine phosphatase, YwlE, allowed us to discover the importance of 

protein arginine phosphorylation in the respective mutant strain in vivo. In this strain, we were 

able to identify 121 phosphorylation sites for 87 proteins in the low GC, Gram-positive model 

organism B. subtilis.  

 Moreover, our results establish that protein arginine phosphorylation is a physiological 

significant protein modification in wild-type B. subtilis cells, because we could demonstrate that 

phosphorylation of two ClpC arginine residues (R5 and R254) by McsB is required for the McsB 

mediated activaty of ClpC (Fig. 5). However, ClpC is not generally inactivated by 

phosphorylation of these two arginine residues. In contrast, MecA, another adaptor of ClpC that 

is required for ComK degradation, is still able to induce these ClpC variants to a level 

comparable to the wild-type protein (Fig. 6). Thus, the phosphorylation event is not needed for 

general ClpC activity. Instead, it presents a new layer of activity control of ClpC by the different 

adaptor proteins. 

 These results suggest that protein arginine phosphorylation is present in vivo and that 

many of the proteins modified by arginine phosphorylation that we detected in the ywlE deletion 

strain might also have specific physiological functions in B. subtilis wild-type cells. The activity 
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of protein arginine kinases such as McsB is important to control protein function, but the 

regulation of protein activity likely also depends on the YwlE phosphatase activity, since we 

could detect the protein arginine phosphorylation only in an ywlE deletion strain. This indicates 

that the cooperative activity of protein arginine kinase and phosphatase is integrated into 

important physiological and cellular processes of B. subtilis in which protein arginine 

phosphorylations are involved. 

 Our failure to identify protein arginine phosphorylation in Bacillus subtilis wild type cells 

suggests that the high-energy phospho-arginine bond, which forms a thermodynamically 

relatively unstable protein modificsation (7), together with the apparent YwlE arginine protein 

phosphatase activity results in a very labile protein modification, which may exist only in a 

relatively short time window. Such rather short-lived protein modification could allow rapid 

regulation of protein activity by protein arginine kinases. The strong regulatory potential of this 

more sensitive protein modification became apparent in our transcriptomic experiments 

comparing, for example mRNA from the ywlE and the wild type strains (Fig 3). Fast modulation 

of protein activity by reversible protein arginine phosphorylation, mediated through the interplay 

between protein arginine kinases and the YwlE protein arginine phosphatase activity, presumably 

allows B. subtilis cells to adapt to their ever changing environment in an appropriate manner. 

Our experiments demonstrate for the first time that protein arginine phosphorylation and de-

phosphorylation is a general and fundamental regulatory process in bacteria. Protein arginine 

phosphorylation may participate in many critical cellular processes and therefore our study 

provides the basis for a detailed functional analysis of this new post-translational modification in 

bacteria. 

 

 

Material and Methods 

 
General methods 

 B. subtilis was grown in liquid medium or on LB agar plates with tetracycline (17 µg/ml), 

spectinomycin (200 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. Biochemical assay were performed as previously 

described (9, 10). For details of mass spectrometry, protein digestion, phosphopeptide enrichment 
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and identification of phosphate containing peptides see supplementary information. To illustrate 

the correlation of gene expression with gene function as well as regulon allocation we used a 

variant of Voronoi treemaps (17, 23). For surface plasmon resonance, McsB was covalently 

attached to a CM5 chip surface according to the manufacturer’s instructions (Biacore) yielding 

3000 RU of immobilized McsB. ClpC, ClpCR5K and ClpCR254K (1 µM) in HBS buffer (10 mM 

HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% (v/v) surfactant P20) was passed over the 

chip surface with immobilized McsB and a reference surface at a flow rate of 20 µl/min using a 

BIAcore 3000 instrument. The subsequent injection of HBS buffer allowed monitoring of the 

dissociation. RNA isolation were performed as described previously (11). Transcriptome analysis 

was carried out using an Agilent custom microarray as described previously (24). The microarray 

data have been deposited in NCBI’s Gene Expression Omnibus (GEO) database and are 

accessible through GEO Series Accession No. GSE31249. 

 See Supplementary Table S1 for the full genotypes of strains and plasmids and 

Supplementary Table S2 for a list of primers used in this study. 

 

 

 

Figure legends 
 

Figure 1 Protein arginine phosphorylation in B. subtilis 

 A) Subtiwiki (18) functional categories treemap of B. subtilis. Each cell in the graph 

displays a single protein that belongs to other hierarchically related elements in parent convex-

shaped categories. These are combined in higher-level functional categories. Functionally related 

elements appear in close neighborhood to each other. Treemap design is based on hierarchically 

structured regulatory data (fat black borders: functional category/smallest cells: protein). 

Arginine phosphorylated proteins are depicted in red. B) The panels show examples of fragment 

in spectra of three selected arginine-phosphorylated peptides (ClpC, ComK and ScoC) obtained 

using Maxquant (25). The fragment ion series matching predicted ions generated from N-

terminally charged peptides (b-ions) and from C-terminally charged peptides (y-ions) are 

highlighted in blue and red, respectively, indicating a comprehensive agreement of predicted and 

obtained fragmentation ion pattern. The peptide sequences are indicated. The amino acids which 



Global!impact!of!protein!arginine!phosphorylation!on!the!physiology!of!Bacillus!subtilis!
!

!106!

were identified by mass spectrometric analysis are displayed in bold letters revealing a high 

sequence coverage of the identified peptide. For more details see Table S2 and SOM.  

 

Figure 2 Protein arginine phosphorylation and dephosphorylation result from McsB/YwlE 

catalysis 

 A) In vitro phosphorylsation of potential target proteins by McsB that requires McsA for 

full activity (9). 1µM of indicated proteins were incubated in the presence of [γ-32P]ATP for 

20min and subsequently analyzed by SDS–PAGE and autoradiography. The position of McsA 

and McsB is indicated on the left side. The question mark indicates a low abundant contaminant 

of the McsB purification from E. coli, which possesses an autophosphorylation activity 

independent of McsB. The star displays the position of the different substrates phosphorylated by 

McsB as indicated in the column heading. (B) In vitro de-phosphorylation of McsB-

phosphorylated proteins by YwlE. Autoradiogram of a phosphorylation assay from McsA/B and 

substrates after the addition of 1µM YwlE. The reactions were divided, one half was directly 

separated by SDS-PAGE and the other half was treated for 20` with YwlE and then separated by 

SDS-PAGE. (C) The panels show examples of MS/MS spectra for selected arginine-

phosphorylated peptides of ClpC, ComK and ScoC that are phosphorylated by McsB in vitro. 

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 3 Phosphorylation of arginine residues influences global gene expression 

 For the comparison of gene expression in the different strains we generated Voronoi 

treemaps. This type of presentation combines the value of each gene expression with its 

regulation and clusters the genes in the treemap due to its regulatory classification according to 

Subtiwiki(18). Each cell in the graph displays a single gene locus that belongs to other 

hierarchically/ regulatory related elements in parent convex-shaped categories. These are 

combined in higher-level regulatory categories. Functionally related elements appear in close 

neighborhood to each other. Treemap design is based on hierarchically structured regulatory data 

(fat black borders: regulons/smallest cells: genes). +/− depict regulons being induced (+) or 

repressed (−) depending on the regulator assigned to the area. Additional labels describe 

promoter recognition by sigma factors “reads”, termination “T”, antitermination “antiT” or are 
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self-explaining. To visualize differences in transcription level increased transcription was 

highlighted in red, decreased in blue and genes with unchanged transcription were indicated in 

grey. Subpanels illustrate comparisons of exponentially growing B. subtilis ywlE mutant vs. 

exponentially growing wild-type (A), stationary B. subtilis ywlE mutant vs. stationary wild-type 

(B), exponentially growing B. subtilis ywlE/mcsB mutant vs. exponentially growing wild-type 

(C), stationary B. subtilis ywlE/mcsB mutant vs. stationary wild-type (D), exponentially growing 

B. subtilis ywlE mutant vs. exponentially growing B. subtilis ywlE/mcsB (E) and stationary B. 

subtilis ywlE mutant vs. stationary B. subtilis ywlE/mcsB (F). 

 

Figure 4 Protein arginine phosphorylations impacts gene expression 

 The bar charts indicate the relative gene expression levels of the individual genes 

according to the micro-array data in the wild type (green), a ywlE mutant (red) and a ywlE/mcsB 

mutant (blue). The selected genes represent the corresponding regulon. (A) McsB-dependent 

alterations of gene-expression in an ywlE mutant compared to the wild-type. comGA (ComK 

regulon), clpE (CtsR regulon), narI (Fnr+ regulon) and rplC (stringent response). (B) McsB-

independent alterations of gene expression in the ywlE mutant compared to the wild-type. hag 

(SigD regulon), groEL (HrcA regulon), cotE (SigE regulon), and pucI (PucR regulon). 

 

Figure 5 McsB mediated ClpC activity involves phosphorylation of specific ClpC arginine 

residues 

 (A+B) The ATPase rate of ClpC and the different ClpC variants was determined in the 

presence of (A) McsA/McsB or (B) MecA. C) In vitro degradation of McsB by ClpC and the 

indicated ClpC mutants. The assay was carried out in the presence of pyruvate kinase (20 µg/ml), 

2 mM PEP and 2 mM ATP with McsA, McsB, ClpP and the corresponding 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. D) Radioactive 35S-

methionine pulse-chase labeling and immuno-precipitation of CtsR after heat stress in B. subtilis 

wild type, clpCR5K or clpCR254K mutant cells. E) )Interaction of ClpC, ClpCR5K and ClpCR254K 

with McsB (all 1µM) analyzed by Surface Plasmon resonance (SPR). The binding response was 

measured in resonance units (RU). McsB was immobilized on a CM5chip and the indicated 

proteins were passed over the chip surface. 
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Figure 6 Dual-activity control of ClpC activity by two different adaptors 

 (A) In vitro degradation of MecA by ClpC and indicated mutant variants. Coomassie-

stained MecA protein is depicted. (B) Stability of ComK in B. subtilis wild-type and mutant 

strains. 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. (C) ComK 

activity was monitored by a comG-lacZ fusion in a clpC mutant and in clpC+ wild-type, ClpCR5K 

or ClpCR254K mutant cells. 

 

Table 1 Proteins phosphorylated on arginine residues and their phospho-sites detected in a 

ywlE mutant 

Protein name of the arginine phosphorylated protein is given in the left column. The names are 

given according to (26), when this protein has a different naming in the Uni-Prot database, this 

name was also given after the forward slash. In the right column the site of the arginine 

phosphorylation is given.  

 

protein phospho-site protein phospho-site 

AccD/YttI pR205 MtnK pR80, pR82, pR365 

AhpF pR457 NadB pR104 

AlaR pR79 Nin pR96 

Apt pR85 OdhA pR66, pR621 

ArgG pR262 OxdC pR12 

AroA pR45, pR301 PdxS pR8 

AroF pR127 PfkA pR233 

AtpH pR159 PurA pR97 

BdhA/YdjL pR13 RadC pR59 

ClpC pR5, pR254 RecA pR58 

ClpP pR13 RplK pR94 
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protein phospho-site protein phospho-site 

ComFA pR20, pR186, pR446 RplN pR7 

ComFC pR74 RplW pR10 

ComGA pR28, pR71, pR330 RpmE2 pR70 

ComK pR65, pR157, pR161, 
pR165, pR186, 

pR191 

RpmGA pR29 

CtsR pR15 RpoB pR, 312, pR313, 
pR539, pR693, 
pR694, pR827, 

pR1106 

DivIVA pR102 RpoC pR803, pR335 

FadB/YsiB pR230 RpsG pR10 

FliY pR251 RpsH pR72 

FrlB/YurP pR48 RpsI pR20 

GapA pR199 RpsL pR123 

GatC pR3 RpsM pR3, pR93 

GgaA pR85 RpsN pR41 

GltA pR904, pR914 ScoC/Hpr pR3 

Gmk pR134, pR149 SrfAB pR1378 

GroEL/GroL pR35, pR116, pR282 SsbA/Ssb pR76 

GtaB pR76 SsbB/YwpH pR55 

GudB pR56, pR83, pR421, 
pR423 

ThiC pR556 

HemB pR217 ThyB pR102 

HupA pR61 Tig pR90 

Icd pR180 YceE pR10 
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protein phospho-site protein phospho-site 

IlvB pR297 YciC pR58 

IlvC pR298 YdcI pR473 

IscS pR385 YdjO pR7 

KatA pR366 YfmG pR474 

LacA pR387 YheA pR51 

LeuB pR4 YlbN pR158 

LeuC pR81 YloV pR255 

LutB/YvfW pR33 YtxH pR50 

LutC/YvbY pR97 YvrO pR161 

McsA/YacH pR169 YvyD pR6 

Mdh pR156 YvyG pR60 

MenB pR78, pR269 YwpJ pR258 

MtnA pR80, pR298   
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Abstract: 

The!cellular!amount!of!proteins!not!only!depends!on!synthesis!but!also!on!degradation.!Here,!

we! expand! the! understanding! of! differential! protein! levels! by! complementing! synthesis! data!

with!a!proteome'wide,!mass! spectrometry'based!SILAC!analysis!of!protein!degradation! in! the!

human!pathogen!Staphylococcus#aureus!during!glucose!starvation.!Monitoring!protein!stability!

profiles!in!a!wild!type!and!an!isogenic!clpP#protease!mutant!revealed!that!1.)!proteolysis!mainly!

affected!proteins!with!vegetative!functions,!anabolic!and!selected!catabolic!enzymes,!whereas!

the! expression! of! TCA! cycle! and! gluconeogenesis! enzymes! increased;! 2.)!most! proteins!were!

prone! to! aggregation! in! the! clpP! mutant;! 3.)! the! absence! of! ClpP! correlated! with! protein!

denaturation! and! oxidative! stress! responses,! deregulation! of! virulence! factors! and! a! CodY!

repression.! We! suggest! that! degradation! of! redundant,! inactive! proteins! disintegrated! from!

functional! complexes! and! thereby! amenable! to! proteolytic! attack! is! a! fundamental! cellular!

process! in! all! organisms! to! regain! nutrients! and! guarantee! protein! homeostasis.
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Introduction: 

The! most! essential! outcome! of! bacterial! gene! expression! regulation! is! that! each! protein! is!

provided! in! the!appropriate!amount!at! the! right! time!and!at! the! right! localization! to! fulfill! its!

function.!On!the!one!hand,!the!amount!of!functionally!active!proteins!is!determined!by!the!rate!

of! protein! biosynthesis! on! the! ribosomes! along! with! subsequent! post'translational!

modifications.!On!the!other!hand,!stability!and!structural!integrity!also!have!a!crucial!impact!on!

protein! activity.! Hence! cellular! control! mechanisms! exist! to! ensure! that! only! intact! and!

functional! proteins! are! preserved! at! physiologically! sufficient! amounts! and! that! damaged! or!

redundant!proteins!are!degraded.!

Consequently,!protein!degradation!as! the! final! step! in! the! life!cycle!of!a!protein! is!one!of! the!

most! essential! cellular! processes! to! maintain! protein! homeostasis! 1.! It! is! performed! by!

multipartite!molecular! complexes! consisting!of! chaperones!and!proteases.! In!bacteria! the!Clp!

proteins! constitute! the! major! system! to! control! protein! homeostasis.! This! ATP'dependent!

molecular!degradation!machinery!is!analogous!to!the!eukaryotic!26S!proteasome!and!combines!

Hsp! 100/Clp! proteins! of! the! AAA+! superfamily! with! an! associated! barrel'like! proteolytic!

chamber! (e.g.!ClpP).!The!Hsp!100/Clp!proteins!are!required! for!unfolding!and!translocation!of!

substrates!to!the!central!proteolytic!chamber.!These!highly!conserved!Clp!proteins!are!involved!

in! cell! fitness! and! stress! tolerance! in! many! bacteria! including! the! Gram'positive! human!

pathogen!Staphylococcus#aureus#2.!There!are! four!Clp!ATPase! (ClpC,!ClpX,!ClpL,!ClpB)!and!one!

Clp!protease!(ClpP)!present!in!S.#aureus#and!most!of!them!(ClpC,!ClpB!and!ClpP)!are!regulated!by!!

the!transcriptional!repressor!CtsR!3.!Due!to!the!emergence!of!various!antibiotic'resistant!strains!

and! the! concomitant! increase! in! nosocomial! infections! there! is! an! urgent! need! for! novel!
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antibiotic! targets.! Because! of! its! high! impact! on! global! cellular! processes! ClpP! has! attracted!

attention!as!such!a!potential!target!for!novel!antibacterial!agents!4'6.!

Current!proteomics!technologies!allow!researchers!to!monitor!bacterial!protein!stability!with!a!

very! broad! perspective,! spanning! various! levels! from! single! molecule! species! to! the! whole!

proteome.!In!previous!studies!we!used!a!2D!gel'based!approach!to!characterize!the!stability!of!

cytosolic!proteins! in!Bacillus# subtilis! and!S.#aureus#upon! imposition!of!adverse! stimuli! such!as!

glucose! starvation! 7,8.! After! pulse! labeling! with! 35S'methionine! the! remaining! radioactivity! of!

electrophoretically! separated! proteins! was! monitored! during! the! chase.! A! gel'based! relative!

quantitation!procedure!allowed!us!to!assess!the!stability!of!single!proteins.!In!starving!S.#aureus!

cells!many!vegetative!proteins!involved!in!growth!and!reproduction!were!specifically!degraded!

under! starvation! conditions.! These! redundant! proteins! are! probably! also! degraded! by! Clp!

proteases! in! addition! to! the! “classical”! Clp! substrates! such! as! malfolded,! denatured! or!

aggregated! proteins.! Thus,! precursors! and! energy! sources! can! be! made! available! to! the!

nutrient'starved! cell.! For! instance,! the! degradation! of! unemployed! ribosomes! is! probably! a!

huge!nutrient!reserve!during!starvation.!

The!limits!of!this!gel'based!pulse!chase!labeling!technique!are!identical!with!the!analytical!limits!

of!gel'based!proteomics!9,!only!a!small!portion!of!the!proteome!can!be!resolved!on!2D!gels.!The!

hydrophobic! integral!membrane! proteins,! e.g.,! totally! elude! detection! by! gel! electrophoresis.!

Furthermore,! radioactive! labeling! requires! particular! safety!measures! in! the! laboratory! setup!

and! relies! on! indirect! identification! by! comparison! with! master! gels,! which! implicates! other!

limitations! such! as! potential! mismatches! or! the! dependence! on! the! prior! detection! by! non'

radioactive! methods.! Recently! developed! highly! sensitive! and! accurate! mass! spectrometry!

methods! overcome! these! limitations.! In! this! study,!we! employed! a!mass! spectrometry'based!
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SILAC!(stable!isotope!labeling!by!amino!acid!in!cell!culture)!method!10!to!simultaneously!monitor!

the!accumulation,!synthesis!and!degradation!of!S.#aureus!proteins!in!unprecedented!detail.!The!

results! reveal! a! complete! picture! of! the! protein! degradation! patterns! in! wild! type! and! clpP!

mutant!cells!after!the!transition!from!a!growing!to!a!non'growing!state.!The!methodology!can!

be! easily! transferred! to! other! pathophysiological! conditions! such! as! oxidative! stress! or! iron!

starvation.!

!
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Results: 

A%SILAC:based%GeLC:MS%approach%comprehensively%detects%the%degradation%and%accumulation%

of%S.,aureus%proteins% in%the%soluble%and%non:soluble%proteome%fraction.%A!SILAC'based!GeLC'

MS!approach!10!was!adapted!to!track!the!differential!protein!degradation!and!synthesis!patterns!

in! a!S.# aureus#wild! type! and! an! isogenic! clpP!mutant! strain! during! exponential,! transient! and!

glucose! starvation'induced! stationary! growth! phase! on! a! proteome'wide! scale! (Fig.! 1).! The!

proteins!were! labeled! in! a! chemically! defined!medium! containing! the!heavy! amino! acids! 13C'

arginine!and! 13C'lysine.!When! the! cells! reached! the!mid'exponential! growth!phase! they!were!

rapidly! shifted! to! a!medium! containing! light! amino! acids! for! a! chase! (12C'arginine,! 12C'lysine)!

followed! by! sampling! 20! minutes! after! the! chase! in! the! exponential! phase,! in! the! transient!

phase!as!well!as!5h,!10h,!15h!and!20h!after!entry!into!stationary!phase.!To!quantify!the!single!

isotopic! 13C'!and! 12C'protein!species!an!external! 15N'standard!was!added!to!each!sample.!The!

standard!was!obtained!by!pooling!wild!type!and!mutant!cells! from!exponential!and!stationary!

growth! phase! cultivated! in! 15N'supplemented! medium.! Soluble! cytosolic! proteins! were!

separated! from! non'soluble! or! aggregated! proteins! by! ultra'centrifugation! 11,12.! All! in! all,!

approximately!900!proteins!were!detected!and!quantified.!The!high!validity!and!reproducibility!

of!this!approach!is!substantiated!by!low!coefficients!of!variation!of!the!protein!quantitation!data!

(see!Supplementary!Fig.!S1!A'D!online).!The!kinetics!of!protein!degradation! in!glucose'starved!

cells!could!be!monitored!by!assessing! the!decrease!of! the!heavy!13C!proteins.!Conversely,! the!

quantitation!of!proteins!synthesized!after!the!shift!into!the!light!12C!medium!reveals!the!rate!of!

de#novo#synthesis!during!the!chase.!The!sum!of!the!13C!and!12C!measurements!of!a!protein!in!a!

sample!reflects!the!total!accumulated!amount!of!that!protein.!Furthermore,!the!inclusion!of!the!
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non'soluble! protein! fraction! into! the! analysis! yielded! valuable! insight! into! the! dynamics! of!

protein!denaturation!and!aggregation.! In! total,! the!extensive!dataset! from!this!study!contains!

comprehensive! information!on! the! life! cycle!of!each! labeled!and!detected!protein!and!at! the!

same! time! reveals! similar! life! cycle! patterns!within! groups! of! physiologically! and! functionally!

correlated!proteins.!

!

Protein%degradation%during% starvation%differentially% affects%proteins%needed% for% growth.!The!

quantitative! 13C!profile!directly! indicates! the!degree!of! (in)stability.!Approximately!250!of! the!

900!detected!proteins! showed!a!decrease! in!quantity! to!50!%!or! less!during! the! time!course.!

Many! of! these! degraded! proteins! required! for! growth! appear! to! lack! a! functional! relevance!

under! glucose! starvation.! Voronoi! treemaps! were! used! for! better! visualization! 13.! In! these!

treemaps!proteins!can!be!visually!clustered!according!to!specific!qualifiers,!e.g.! into!functional!

categories!(Fig.!2)!or!regulatory!groups!(see!Supplementary!Fig.!S2B!online).!A!timeline!series!of!

treemaps! along! the! growth! curve! depicts! both! single! profiles! and! general! trends! (Fig.! 2,! see!

Supplementary!Fig.! S2!online).!While! the!visual! stratification!by!common!regulators! (Fig.! S2B)!

shows!an! irregular,! fuzzy!general!picture,! the!spatial! representation!on!the!basis!of! functional!

categories!reveals!hot!spots!of!preferentially!degraded!proteins!(Fig.!2,!see!Supplementary!Fig.!

S2A!online).!

The!mainly!affected!categories!comprise!(1.)!proteins!with!vegetative!functions!for!growth!and!

reproduction! (e.g.! ribosomal! proteins),! (2.)! anabolic! enzymes! and! (3.)! selected! catabolic!

enzymes.!

(1.)!Proteins!required!for!growth!and!reproduction!were!rapidly!degraded!in!non'growing!cells,!

particularly!ribosomal!proteins!(e.g.!RplA,!RplQ,!RpsJ,!RpsK),!but!also!other!proteins!involved!in!
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translation!(e.g.!RluB,!TrmU),!cell!wall!synthesis!(DltC,!GltB)!and!other!vegetative!processes!(e.g.!

Pls,! UreG)! (Fig.! S3).! As! previously! suggested! 9and! confirmed! in! this! study,! the! majority! of!

ribosomal!proteins!were!degraded! in!non'growing!cells! (Fig.!2).! To!our! surprise! the!abundant!

translational! factors! such! as! Ef'Tu! and! Ef'Ts! and! aminoacyl'tRNA! synthetases! remained!

relatively!stable.!

(2.)!Most!of!the!anabolic!enzymes!that!are!required!no!longer!or!in!lower!amounts!in!starving!

cells! were! degraded,! but! with! different! kinetics.! Pnp! and! NrdEF! were! rapidly! proteolyzed,!

whereas!other!enzymes! involved! in!purine!and!pyrimidine!nucleotide!synthesis!decreased! less!

strongly! (see! Supplementary! Fig.! S4C! online).! Enzymes! responsible! for! amino! acid! synthesis!

were!also!degraded!to!different!extents!(see!Supplementary!Fig.!S4D,!S4E!online).!While!LeuCD,!

IlvB!and!IlvA2!were!promptly!broken!down,!other!enzymes!were!degraded!at!a!smaller!rate!or!

remained!even!stable!(e.!g.!LeuB).!

(3.)!Different!results!were!obtained!for!catabolic!enzymes!dependent!on!their!requirements!in!

glucose'starved! cells.! After! glucose! exhaustion! the! level! of! glycolytic! enzymes! (Fig.! 3,! see!

Supplementary! Fig.! S4A! online)! diminished,! and! all! pentose! phosphate! pathway! enzymes!

appeared! slightly! degraded! (Fig.! S4B).! In! contrast,! TCA! cycle! enzymes! remained! stable! in! the!

stationary!growth!phase!and,!moreover,!were!extensively! synthesized! in!glucose'starved! cells!

(Fig.!S5).!

In!addition,!several!new!proteolytic!targets!(see!Supplementary!Table!S1!online)!were!identified,!

such!as!the!pathogenicity!factors!SarR!and!SarZ!(see!Supplementary!Fig.!S3!online).!

!

Some%proteins%shift%to%the%non:soluble%fraction%in%the%wild%type.%In!order!to!follow!the!fate!of!

proteins!prone!to!degradation,! the!non'soluble!protein! fraction!was!also!analyzed.!Malfolded,!
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(partially)!denatured!proteins!were!enriched! in!this! fraction!before!degradation!by!proteolytic!

systems!or,!in!some!cases,!before!renaturation!by!chaperones.!A!few!proteins!shifted!from!the!

soluble!to!the!non'soluble!fraction!and!remained!relatively!stable!in!that!fraction.!This!transition!

was! particularly! pronounced! for! the! complete! pyruvate! dehydrogenase! complex! (PdhABCD);!

IlvC,!IlvD!and!ThrC;!SerA!as!well!as!PrsA!(see!Supplementary!Fig.!S4A,C,E!online).!However,!for!

most! proteins! the! shift! towards! the! non'soluble! fraction! is! perfunctory! in! the! wild! type.!

Furthermore,! numerous! degradation! candidates! could! not! be! detected! in! the! non'soluble!

fraction!at!all! (Fig.!2,!see!Supplementary!S2A!online),! indicating!that!proteolysis!of!aggregated!

proteins! is! a! rapid! process! or! soluble! proteins! can! be! targeted! to! proteolysis! without! an!

aggregated!intermediate!form.!

!

The% phenotype% of% a% clpP% deletion%mutant% strongly% deviates% from% the% wild% type.! To! further!

characterize!cellular!protein!degradation!on!a!proteome'wide!scale,!we!constructed!an!in'frame!

deletion! mutant! of! the! major! cellular! protease,! ClpP.! Previous! data! revealed! that! ClpP! is!

necessary!for!a!variety!of!cellular!processes.!The!protease!appeared!essential!for!growth!at!low!

and!high!temperatures,!virulence!and!autolysis! 14'16.!The!growth!curve! illustrates!the!retarded!

growth! under! normal! conditions! as! compared! to! the! wild! type! (see! Supplementary! Fig.! S6!

online).!The!mutant!grew!with!a!much!longer!generation!time!(gwild!type!=!1.16!h;!g∆clpP#=!2.03!h)!

and! did! not! reach! the! same! final! optical! density! as! the! wild! type.! In! addition,! the! mutant!

showed! higher! urease! activity! as! described! earlier! 14,! stronger! staphyloxanthin! pigmentation!

and!a! thicker! cell!wall! than! the!wild! type! (see!Supplementary! Fig.! S6,! S7!online).! The! intense!

pigmentation! may! indicate! oxidative! stress! in! the! clpP! mutant! and! probably! represents! an!

important!defense!mechanism!against!reactive!oxygen!species!(ROS)!17.!
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!

Proteins% are% prone% to% aggregation% in% the% clpP%mutant.%The! 13C'labeled!proteins!continuously!

declined!in!the!soluble!fraction!of!both!the!wild!type!and!the!clpP!mutant!strain.!On!the!other!

hand,!the!∆clpP!strain!showed!a!dramatically!increased!level!of!13C'labeled!proteins!in!the!non'

soluble! fraction! (Fig.! 2,! ! 4,! 5,! see!Supplementary! Fig.! S2!online)! as! a! consequence!of!massive!

protein!aggregation!in!that!strain.!ATP'dependent!renaturation!and!transition!of!proteins!from!

the!non'soluble!back!into!the!soluble!fraction!occurred!preferentially!in!the!clpP!mutant!up!to!

the!transient!growth!phase!when!ATP!availability!was!not!limiting!and!the!energy!charge!of!the!

mutant! equaled! that! of! the! wild! type! (Fig.! 6).! Subsequently,! aggregated! proteins! massively!

accumulate! in! the! stationary! phase,! possibly! owing! to! energy! depletion! (Fig.! 5,! see!

Supplementary!S2!online).!

!

The%absence%of%ClpP% correlates%with%protein%denaturation%and%oxidative% stress% responses%as%

well%as%with%deregulation%of%virulence%factors.%The!renaturation!process!of!aggregated!proteins!

in!the!clpP!mutant!coincided!with!a!derepression!of!the!CtsR!regulon!as!a!result!of!protein!stress!

3.!The!higher!levels!of!ClpC,!ClpB,!GroEL,!DnaK,!DnaJ!and!GrpE!and!the!absence!of!ClpP!(Fig.!7,!

see! Supplementary! Fig.! S8,! S9! online)! probably! promoted! the! renaturation! of! damaged! and!

aggregated! proteins.! Stronger! protein! aggregation! in! the! clpP! mutant! could! be! detected! for!

several!proteins!(e.g.!NrdEF,!Pnp,!SufB!and!ribosomal!proteins,!Fig.!2,!4,!see!Supplementary!Fig.!

S3! online).! Interestingly,! the! clpP! mutant! faced! severe! oxidative! stress! as! implied! by! the!

induction!of!numerous!members!of!the!PerR!regulon!(Fig.!7,!see!Supplementary!Fig.!S9!online).!!
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In!addition,!the! lack!of!ClpP!affected!the!amount!of!some!virulence'associated!regulators!(Fig.!

S10).!For!example,!SarS!was!increased!in!the!soluble!and!non'soluble!fraction!and!SarA!only!in!

the!non'soluble!fraction.!SrrA!was!down'regulated!in!the!∆clpP!strain.!

!

The%reduced%enzyme%levels%for%branched%chain%amino%acid%and%purine%nucleotide%biosynthesis%

and%a%high%GTP%level% indicate%a%CodY%repression%in%the%clpP%mutant.%One!of!the!most!striking!

observations!was!that!the!level!of!enzymes!involved!in!branched'chain!amino!acid!biosynthesis!

(e.g.LeuA,!LeuB,!LeuC,!LeuD;!IlvA2,!IlvB,!IlvC,!IlvD)!and!purine!nucleotide!biosynthesis!(e.g.!PurC,!

PurD,!PurE,!PurL,!PurM,!PurQ,!PurS)!were!drastically!down'regulated!in!the!clpP!mutant!(Fig.!7).!

To!determine!the!cause!of!this!effect,!the!extra'!and!intracellular!metabolite!pool!was!measured!

(see!Supplementary!Fig.!S11!online).!As!expected!for!glucose'starved!cells,!glucose!and!glycine!

were!rapidly!consumed!by!the!wild!type!and!the!clpP!mutant!at!a!similar!rate;!however,!alanine,!

isoleucine!and!proline!were!not! taken!up!by! the!clpP!mutant! from! the!extracellular!medium.!

Although! branched'chain! amino! acids! had! lower! absolute! intracellular! concentrations! in! the!

clpP#mutant!than! in!the!wild!type!(see!Supplementary!Fig.!S11!online),!the!relative!amount!of!

e.g.! isoleucine!when!normalized!to!the!amount!of!CodY!was!slightly!higher! in!the!mutant!(Fig.!

6).!Besides!branched'chain!amino!acids,!GTP! is!an!even!more!potent!effector!molecule!of! the!

CodY!regulator!18.!The!normalized!GTP! level!was! increased! in!the!ΔclpP! strain!as!compared!to!

the!wild!type!which!may!render!the!CodY!repressor!more!active!in!the!mutant!(Fig.!6).!

!

The% GeLC:MS% results% are% consistent% with% previous% 2D:PAGE% analyses.% A! set! of! significantly!

unstable!proteins!was!compared!with!previously!identified!degradation!candidates!detected!in!a!

2D'PAGE! pulse'chase! approach! (see! Supplementary! Fig.! S12A'B! online)! 8.! Apart! from! a!



Life!and!death!of!proteins:!A!case!study!of!glucoseAstarved!Staphylococcus!aureus!
!

!130!

remarkable! overlap! of! degraded! proteins! between! the! two! studies,! approximately! 200! new!

protein!degradation! candidates! could!be!exclusively! retrieved!by! the!GeLC'MS!approach.! The!

main!degradation!candidates!such!as!NrdE,!NrdF,!LeuD,!LeuC,!TpiA!and!Pnp!were!identified!as!

degraded!during!glucose!starvation!in!wild'type!cells!with!both!experimental!setups!(Fig.!4,!see!

Supplementary! Fig.! S3,! S12A'B! online).! However,! some! previously! described! proteolytic!

substrates! (e.g.,! LeuA,! LeuB,!MetS,!CysS!and!SucB)!appeared! stable! in! the!mass'spectrometry!

approach!probably!due!to!a!higher!reproducibility!of!the!methodology.!An!additional!advantage!

of!the!GeLC'MS!analysis!was!the!sensitive!and!reliable!detection!of!proteins!that!are!refractory!

to! separation! by! 2D! gel! electrophoresis! such! as! aggregated! and! other! physico'chemically!

“challenging”!proteins!with!e.g.!an!extreme!pI,!molecular!weight!or!high!hydrophobicity!9,19.!

!
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Discussion:% 

A!pulse'chase!SILAC!10!and!a!GeLC'MS!approach!were!employed!for!the!integrated!investigation!

of! protein! degradation,! stability! and! accumulation.! They! combined! tracking! the! amount! of!

single! proteins! synthesized! at! certain! growth! stages! and! in! different! protein! fractions! on! a!

global!scale.!Previously!applied!experimental!methods!were!mainly!based!on!radioactive!pulse'

chase! labeling! and! 2D'PAGE! or! immunoprecipitation! followed! by! 1D'PAGE! 8,15,20,21.!

Immunoprecipitation!has!the!advantage!of!reliable!quantitative!results!for!a!specific!protein,!but!

only! for! one! or! a! few! protein(s)! of! interest! against! which! antisera! have! been! raised.! The!

radioactive! pulse'chase! approach! coupled! with! 2D'PAGE! can! simultaneously! monitor! several!

hundred!proteins!9,!yet!these!proteins!only!represent!a!limited,!analytically!accessible!portion!of!

the! proteome! owing! to! physico'chemical! properties! (e.g.! pI! 4'7,! alkaline! or! non'soluble!

proteins).! Besides,! two! or! more! proteins! may! appear! as! only! one! spot! 19,22,! severely!

complicating!the!data!analysis!for!these!proteins.!The!SILAC!and!GeLC'MS!methods!in!this!study!

couple!the!strength!of!direct!protein!identification!via!MS/MS!spectra!with!the!power!to!reliably!

quantify! hundreds! of! proteins! 9! (see! Supplementary! Fig.! S1! online).! All! in! all,! approximately!

1,400!proteins!could!be!identified!and!the!kinetic!data!of!900!different!proteins!were!obtained!

over!the!time!course.!As!compared!to!previous!work,!we!were!able!to!verify!most!of!the!protein!

degradation! candidates! found! by! 2D'PAGE! analyses! and! revealed! additional! degradation!

candidates! (see! Supplementary! Fig.! S12A'B,! Table! S1! online).! Nevertheless,! there! were! also!

some! drawbacks,! such! as! missing! quantitation! values! for! certain! proteins! at! time! points! for!

which!no!respective!peptides!could!be!detected.!
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Our!data!show!that!vegetative!proteins!of!S.#aureus# involved!in!growth!and!reproduction,!e.g.!

ribosomal,!translation!and!cell!wall/membrane!synthesis!proteins!were!degraded!during!glucose!

starvation!in!the!wild!type,!but!remained!stable!in!the!clpP#mutant.!Similarly,!selected!groups!of!

anabolic!(e.g.!Pnp,!NrdEF,!LeuCD,!IlvB!and!IlvA2)!and!catabolic!enzymes!(e.g.!for!glycolysis)!were!

affected!by!degradation.!This!observation!suggests!that!proteins!no!longer!required!disintegrate!

from!functional!multicomponent!complexes!and!convert!into!degradation!substrates!of!the!Clp!

proteolytic! machinery.! According! to! this! hypothesis! active! proteins! are! protected! against!

degradation!by!incorporation!into!functional!complexes.!We!suggest!that!the!formation!of!these!

complexes! relies! on! hydrophobic! protein'protein! interaction! surfaces.! When! the! metabolic!

throughput!falls!below!a!critical!threshold!the!complexes!become!idle!and!decompose!so!that!

hydrophobic!regions!of!the!respective!enzymes!are!recognized!by!the!degradation!machinery.!

Since!the!dataset!of! this!study! includes! the!quantitation!of! 12C'labeled!proteins!we!could!also!

discern!stable!proteins!that!were!continuously!synthesized!or!only!synthesized!and!accumulated!

in! glucose'starved! cells.! The! most! prominent! examples! are! enzymes! catalyzing! reactions! for!

gluconeogenesis! (e.g.! GapA2,! PckA)! and! in! the! TCA! cycle! (e.g.! GltA,! AcnA,! SucB,! FumC)! (see!

Supplementary! Fig.! S13! online).! This! observation! supports! the! rationale! that! metabolic!

capacities! are! tightly! adjusted! to! the! prevailing! physiological! conditions.! In! this! instance,! the!

“reinforcement”!of!gluconeogenesis!and!the!TCA!cycle!counteract!the!deprivation!of!glucose!as!

a! preferred! carbon! and! energy! source.! Under! glucose! starvation! the! TCA! cycle! is! the! main!

source!for!NADH!generation!and!ATP!synthesis.!The!TCA!cycle!is!fed!by!degradation!products!of!

proteins,!fatty!acids!etc.!and!by!carbon!overflow!products!such!as!acetate!23,!obviously!the!main!

carbon!sources!in!glucose'starved!cells.!
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Aggregation!of!bacterial! cytoplasmic!proteins!was! reported!previously! 24'26.!We!also!observed!

protein! shifts! from! the! soluble! to! the! non'soluble! fraction! during! the! entry! into! stationary!

phase.!For!example,!the!entire!pyruvate!dehydrogenase!complex!(PdhABCD)!and!other!enzymes!

(SdhA!and!SdhB;!IlvC,!IlvD!and!ThrC;!SerA!as!well!as!PrsA)!aggregated.!It!is!unclear!whether!this!

shift! has! a! physiological! relevance! in! terms! of! a! targeted!metabolic! control! or! whether! it! is!

primarily!linked!to!physico'chemical!parameters!such!as!molecular!weight!or!hydrophobicity.!

However,! in! cells! lacking! the! protease! ClpP! the! level! of! aggregated! proteins! was! drastically!

increased,!corresponding!with!distinct!phenotypic!differences!from!the!wild!type!(e.g.!reduced!

growth!rate,!higher!urease!activity,!thicker!cell!wall,!stronger!pigmentation).!This!underlines!the!

high!physiological!importance!of!ClpP!for!protein!homeostasis!also!in!S.#aureus.!As!judged!by!the!

increasing! 13C'level! in! the! non'soluble! fraction! of! the! clpP! mutant! at! later! time! points,! the!

degree!of!aggregation!remain!high!throughout!the!time!course.!Some!proteins!yet!seemed!to!be!

unaffected! in! their! stability! profile! without! ClpP.! For! example,! the! ribosomal! protein! RpsG!

diminished! rapidly! both! in! the! wild! type! and! the!mutant! strain.! Because! no! Lon! protease! is!

found! in! Staphylococci,# the! proteases! FtsH,! SACOL0369! (putative! paralog! of! clpP)! or! ClpYQ!

(HslUV)!could!be!responsible!for!ClpP'independent!protein!degradation.!

The! clpP#mutant! also! showed! clear! symptoms! of! protein! denaturation! and! oxidative! stress!

responses.! In!the!early!stages!of!protein!aggregation!reactive!oxygen!species! (ROS)!occur!27'29,!

which! induced! PerR'regulated! oxidative! stress! proteins! such! as! AhpCF! (alkyl!

hydroperoxidereductase)! and! FtnA! (ferritin)! for! detoxification.! Furthermore! a! strong! SOS!

response!in!the!clpP!mutant!14! indicated!DNA!damage!30.!The!strong!protein!stress! in!the!clpP!

mutant! also! correlated! with! a! derepression! of! the! CtsR'regulon! 31! resulting! in! increased!

chaperone!levels.!Until!entry!into!stationary!phase!the!ATP!level!might!be!sufficiently!high!32,33!
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to! provide! energy! for! the! ATP'dependent! renaturation! of! aggregated! proteins! by! the!

chaperones!occurring!in!the!clpP!mutant!only!but!not!in!the!wildtype.!Later,!glucose!depletion!

leads!to!a!drop!in!the!ATP!level!23!and!the!renaturation!process!is!reduced.!

GTP! and! L'isoleucine! are! effector! molecules! of! the! CodY! repressor,! a! central! regulator! of!

biochemical! pathways! involved! in!nitrogen!utilization.!High! levels! of! these!effector!molecules!

cause!CodY!activation!and!a!strong!repression!of!CodY'dependent!genes!18,34.!Proteins!encoded!

by!the!pur'operon!(purEKCSQLFMNHD),!the!gltEoperon!(gltBD),!the!sucEoperon#(sucAB),!the!pyc#

gene,! the!oppEoperon# (oppBCDF)! and! the!codYEoperon# (xerCEhslUVEcodY)#were! found! strongly!

decreased!in!their!amount!and!synthesis!in!the!clpP!mutant.!According!to!our!results,!a!higher!

GTP!level!seems!to!be!particularly!relevant!for!CodY!repression!in!the!∆clpP!strain.!

Over! the!past!years! the!physiological! role!of!ClpP!was!extensively! studied! 14,35'38.! Since!a!clpP!

mutant!possesses!a!low!virulence!potential!14,38,39!this!protease!seems!to!be!a!promising!target!

for! novel! antibiotic! agents! against! S.# aureus! 40,41.! Interestingly,! the! global! virulence! regulator!

SarA!was!constitutively!expressed,!but!massively!aggregated! in!the!clpP!mutant.!Furthermore,!

SarS!was!present!at!a!higher!amount!in!the!clpP!mutant!suggesting!a!modified!or!non'functional!

SarA!protein!which!could!no!longer!repress!sarS!42,43.!

In!summary,!we!were!able!to!globally!monitor!protein!synthesis,!accumulation,!degradation!and!

shifts!between!the!soluble!and!non'soluble!fraction!with!high!resolution!and!reproducibility!and!

propose!a!working!model!for!a!clpP!mutant!in!S.aureus#(see!Supplementary!Fig.!S14!online).!We!

found!that!proteolysis!in!S.#aureus!is!highly!selective!(see!Supplementary!Fig.!S15!online)!as!well!

as! dependent! on! ClpP! for! most! proteins! and! that! protein! stability! both! of! single! and! of!

functionally! related! groups! of! proteins! is! closely! linked! to! the! current! physiological!

requirements!and!restrictions.!We!suggest!that!proteolysis!of!“unemployed“,!disintegrated!and!
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inactive! proteins! is! a! fundamental! process! of! cellular! regulation! in! all! organisms! to! regain!

nutrients! and! to! guarantee! protein! homeostasis.! This! study! establishes! the! basis! for! further!

work!on! the!dynamic!balance!between!protein! synthesis,! degradation!and!accumulation! in!S.#

aureus#and!other!bacteria!under!various!growth!and!stress!conditions.!

!

!

!

Materials%&%Methods:%

%

Mutant%construction:%

The! generation! of! an! isogenic! clpP!  mutant is described in detail in Supplementary 

methods. 

!

Growth%conditions%and%protein%preparation:%

Staphylococcus#aureus!COL!cells!and!the!isogenic!clpP!mutant!were!grown!in!CDM!8!containing!

0.75! mM! amino! acid! mix! with! alanine,! glycine,! valine,! cysteine,! proline,! isoleucine,! 2.5! mM!

glucose!and!0.75!mM! 13C'lysine!as!well! as! 0.75!mM! 13C'arginine! for! the! incorporation!of! 13C'

lysine!and!13C'arginine!into!the!proteins!(pulse).!0.03%!yeast!extract!was!added!in!order!to!allow!

growth!of!the!clpP!mutant!as!previously!described!for!a!Bacillus#subtilis#clpP!mutant!7.!When!the!

cells! reached! the!mid'exponential! growth!phase! (optical! density! at! 500nm!of! 0.4),! they!were!

rapidly!transferred!to!CDM!containing!0.75!mM!amino!acid!mix,!1.5!mM!glucose,!0.75!mM!12C'

lysine! and! 0.75! mM! 12C'arginine! via! rapid! filtration! (chase).! This! stops! the! incorporation! of!
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heavy! lysine! and! arginine! and! only! allows! further! incorporation! of! light! lysine! and! arginine.!

Samples!were!taken!20!minutes!after!the!chase!(texp),!in!the!transient!phase!(ttrans,!0h)!and!after!

5h! (t5h),! 10h! (t10h),! 15h! (t15h),! 20h! (t20h)! of! stationary! phase.! In! parallel! the! cell! number! was!

counted!by!microscopy.!Cells!were!centrifuged!(10,000!x!g,!4°C!,5!min)!and!washed!twice!with!5!

ml!TE!buffer!(10!mM!Tris![pH!8.0],!1!mM!EDTA)!containing!1!mM!phenylmethylsulfonyl!fluoride!

(PMSF).!Afterwards! the!pellet!was! resuspended! in!2!ml! TE!buffer! and!mechanically!disrupted!

using!the!Precellys!24!homogenizator!(PeqLab,!Germany;!4!x!30!s!at!6.5!m/s).!The!glass!beads!

that!were!used!during!this!procedure!were!removed!via!centrifugation!(10,000!x!g,!4°C,!5!min)!

and!the!supernatant!was!transferred!to!a!new!tube.!In!a!next!centrifugation!step!the!cell!debris!

was!removed!and!the!supernatant!was!transferred!to!an!ultra'centrifugation!tube.!The!soluble!

and!non'soluble!fraction!were!separated!from!the!cell!lysate!by!ultra'centrifugation!(100,000!x!

g,!4°C,!1h).!The!supernatant!was!decanted!as!the!soluble!fraction!and!the!remaining!pellet!was!

washed!with!3!ml!TE!buffer!and!centrifuged!again!(100,000!x!g,!4°C,!1h).!The!supernatant!was!

removed!and!the!pellet!was!solubilized!with!70!µl!of!10%!(w/v)!SDS!and!was!considered!as!the!

non'soluble! fraction.! The!whole! procedure!was! performed! three! times! in! order! to! get! three!

biological!replicates.!

To!obtain!a! 15N'labeled! crude!protein!extract,!wild! type!and!clpP!mutant! cells!were!grown! in!

15N'BioExpress!1000!medium!either!to!the!mid'exponential!or!to!the!stationary!phase.!Samples!

were! taken! from!wild! type! and! clpP! mutant! via! centrifugation! (10,000! x! g,! 4°C,! 5!min).! The!

pellets!were!pooled!and!disrupted!using!the!Precellys!24!homogenizator!(PeqLab,!Germany;!4!x!

30! s! at! 6.5! m/s)! to! generate! a! 15N'standard! protein! extract! with! labeled! proteins! from!

exponential!and!stationary!phase!in!the!wild!type!as!well!as!in!the!clpP!mutant.!The!subsequent!

steps!of!sample!preparation!were!performed!as!described!above!for!the!pulse'chase!samples.!
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%

Sample%preparation%and%measurement:%

The!protein!concentration!of!each! sample!was!determined!via! the!ninhydrin!assay! 44.! For! the!

GeLC'MS! approach! the! proteins!were! pre'fractionated! by! 1D'SDS'PAGE.! 24!µg! of! the! soluble!

pulse'chase! sample!were!mixed!with! 7! µg! of! the! 15N'standard! and! 14! µg! of! the! non'soluble!

sample!with! 14!µg! of! the! non'soluble! 15N'standard! followed!by! a! separation!with! a! 12%!1D'

PAGE!and!subsequent!tryptic!digestion!45.!Mass!spectrometry!(MS)!and!MS/MS!were!performed!

as! described! previously! 11! using! an! online'coupled! LTQ'Orbitrap!mass! spectrometer! (Thermo!

Fisher).!!

!

Data%analysis%and%quantification:%

The!entire!procedure!was!adopted!from!Otto!et#al.!2010!11.!Spectral!data!were!extracted!from!

the!raw!measurement!files!using!the!Bioworks!Browser!3.3.1!SP1!(Thermo!Fisher!Scientific)!with!

no! charge! state! deconvolution! and! deisotoping! performed! on! the! data! to! yield! *.dta! files.!

Subsequently! these! data! were! searched! with! SEQUEST! version! v28! (rev.12)! (Thermo! Fisher!

Scientific)!against!a!Staphylococcus#aureus!COL!target'decoy!protein!sequence!database!(based!

on! the! primary! (JCVI)! annotation,! CMR! version! 3.0,! May! 2001)! supplemented! with! a! set! of!

common! laboratory! contaminants! compiled! with! the! Bioworks! Browser! and! the! reverse!

sequences! of! the! database! to! provide! an! estimate! of! the! false'positive! rate! of! the! peptide!

identification! by! SEQUEST! 46.! The! searches! were! performed! in! three! iterations.! First,! for! the!

GeLC'MS! analysis! the! following! search! parameters! were! used:! enzyme! type,! trypsin! (K/R);!

peptide! tolerance,! 10! ppm;! tolerance! for! fragment! ions,! 1! amu;! b'! and! y'ion! series;! variable!

modification,! methionine! (15.99! Da);! a! maximum! of! three! modifications! per! peptide! was!
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allowed.!Second!iteration:!the!mass!shift!of!13C'lysine!and!13C'arginine!was!taken!into!account!in!

the!search!parameters.!Third!iteration:!the!mass!shift!of!all!amino!acids!completely!labeled!with!

15N'nitrogen!was!taken!into!account!in!the!search!parameters.!

Resulting! *.dta! and! *.out! files! were! merged! and! filtered! using! DTASelect! (version! 2.0.25)!

(parameters!GeLC'MS:!'y!2!'c!2!'C!4!''here!''decoy!rev_!'p!2!'t!2!'u!''MC!2!'i!0.3!''fp!0.005).!The!

protein!false'positive!rate!was!calculated!for!each!analysis!according!to!Peng!et#al.,!2003!46.!The!

relative! quantification! was! carried! out! according! to! MacCoss! et# al.! 2003! 47.! The! processed!

search! results!were! analyzed!using! the! software!Census! 48! to!obtain!quantitative!data!of! 12C'

peaks!(sample),!13C'peaks!(sample),!15N'peaks!(reference).!The!ratio!of!the!peak!intensities!was!

subsequently! calculated! for! all! overview! scans! contained! in! the! chosen! peak! boundaries.!

Peptide!ratios!were!finally!exported!(peptide!determination!factor![R2!values]!>!0.7,!only!unique!

peptides).!

%

Data%processing:%

First!of!all,!to!account!for!missing!data,!the!quantified!peptide!raw!data!were!complemented!by!

values! obtained!by! the! rule! of! three! (A)! 13C/15N!missing! =! 12C/15N! x! 13C/12C! ,! (B)! 12C/15N!missing! =!

13C/15N! x! 12C/13C! and! (C)% 13C/12C! missing! =! 13C/15N! x! 15N/12C.! In! a! next! step!we!used! a! hot'deck!

imputation! routine! to!predict!missing!values!of!a!peptide!based!on!non'missing!values!out!of!

the! same! dataset! 49.! Therefore! we! evenly! divided! the! sorted! log10! values! into! 15! classes!

(quantiles)!and!calculated!the!class'specific!mean!intensity!values!for!each!biological!replicate.!

With!help!of!the!replicate'specific!class!membership!of!the!non'missing!peptides!we!estimated!

the! class'membership! of! the! respective! missing! peptides.! Using! the! rule! of! three! we! then!
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imputed! the! ! missing! peptide! values! of! a! replicate! based! on! the! respective! class'dependent!

mean! ratios! and! the! non'missing! peptide! values! of! the! other! replicates.! Missing! value!

imputation!was!only!done!for!peptides!with!non'missing!values!for!at!least!one!out!of!the!three!

replicates.!

Afterwards!quantile'quantile!normalization!was!applied!on!the!replicates!and!protein!values!per!

replicate! were! calculated! as! the! median! of! the! peptide! values! if! at! least! two! peptides! per!

protein! were! available.! For! the! calculation! of! the! residual! protein! amounts! (degradation!

kinetics)! the! processed! 13C! values! were! normalized! to! the! corresponding! exponential! phase!

sample!and!the!growth!dilution!of!the!13C!isotopic!form!was!corrected!for!by!adjustment!to!the!

cell!number!of!each!sample.!The!linear!slope!of!the!log10!values!of!residual!protein!amount!was!

used!to!calculate!the!average!degradation!rate!of!each!protein.!

For! visualization! the! isotopic! proportions! of! the! soluble! and! non'soluble! fraction! were!

calculated!by!normalization!against!the!sum!of!all!isotopic!values!for!each!protein!in!fraction!(e.!

g.!!13Csoluble,!wild!type,!all!time'points!+!13Csoluble,!clpP!mutant,!all!time'points).!!

!

Urease%activity%assay:%

The!urease!activity!assay!is described in detail in Supplementary Methods. 

!

Determination%of%intra:%and%extracellular%metabolites%

The! measurements! of! intra'! and! extracellular! metabolites! is! described! in detail in 

Supplementary Methods. 

!

!
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Transmission%electron%microscopy%%

The! generation! of! electron! microscopic! pictures! is! described! in detail in Supplementary 

Methods.
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Figures:%

!

Figure%1:%

Schematic!presentation!of!the!experimental!procedure.!!

a)!protein!degradation!

b)!protein!stabilization!

c)!protein!de#novo!synthesis!

d)protein!shift!from!the!soluble!into!the!non'soluble!cell!fraction!

e)!accumulation!of!13C!and!12C!species!protein!species!

!

Figure%2:%

Treemaps!visualize!of!the!average!degradation!or!average!accumulation!rate!of!proteins!in!the!

wild!type!and!clpP!mutant!as!well!as!for!the!soluble!and!the!non'soluble!fraction.!Proteins!were!

clustered! according! to! their! functional! categories! (e.g.! protein! synthesis).! Orange! colors!

designate!degraded,!blue!colors!accumulated!and!whitish!colors!stable!proteins.!Grey!polygons!

indicate!undetermined!proteins.!

!

Figure%3:%

Degradation! kinetics! of! selected! proteins! involved! in! glycolysis! and! TCC.! Glycolytic! enzymes!

were! slightly! degraded,! whereas! most! of! the! TCA! cycle! enzymes! were! stabilized! or! shifted!

between!the!fractions.!

!
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Figure%4:%

The!proportion!of!13C!and!12C! isotopic!forms!of!selected!proteins! is!depicted!for!the!wild!type!

and!the!clpP!mutant!in!the!soluble!and!non'soluble!fraction!(exp.!growth!phase,!transient!phase!

(0h),!5h,!10h,!15h,!20h!of!stationary!phase).!

%

Figure%5:%

Loess'fit!curves!reveal!the!overall!protein!stability!patterns!in!the!soluble!(blue)!and!in!the!non'

soluble! fraction! (red)! of! the! wild! type! and! the! clpP! mutant.! The! different! reds! and! blues!

correspond!to!the!three!biological!replicates.!!

!

!

!

Figure%6:%

a)!The!intracellular!GTP!and!L'isoleucine!levels!normalized!to!the!total!amount!of!CodY!protein!

and!b)!the!energy!charge!were!measured!in!exponentially!growing!cells.!

!

Figure%7:%

a)!A!Voronoi!treemap!of!clustered!regulons.!Values!reflect!peptide!accumulation!ratios!from!the!

wild!type!and!the!clpP!mutant!during!transient!growth.!!

b)! The! protein! accumulation! ratios! from! selected! proteins! are! depicted! for! the! CodY',! CtsR',!

HrcA',!Fur',!PerR'!and!LexA'regulon.!

Blue! indicates! stronger! accumulation! in! the! wild! type! and! dark! orange! indicates! stronger!

accumulation!in!the!clpP!mutant.!
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