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Kür �sad Turgay 4*

1 Department of Regulation in Infection Biology, Max Planck Institute for Infection Biology, Berlin, Germany,2 The Laboratory
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Umeå, Sweden,3 Humboldt University, Berlin, Germany,4 Faculty of Natural Sciences, Institute of Microbiology, Leibniz
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Here, we review the diverse roles and functions of AAAC protease complexes in
protein homeostasis, control of stress response and cellular development pathways by
regulatory and general proteolysis in the Gram-positive model organismBacillus subtilis.
We discuss in detail the intricate involvement of AAAC protein complexes in controlling
sporulation, the heat shock response and the role of adaptorproteins in these processes.
The investigation of these protein complexes and their adaptor proteins has revealed their
relevance for Gram-positive pathogens and their potentialas targets for new antibiotics.

Keywords: AAA C protease complexes, Hsp100/Clp proteins, Bacillus subtilis , protein quality control, chaperones,
regulatory proteolysis, McsB, adaptor proteins

INTRODUCTION

Bacteria, like all living organisms must rapidly sense and adapt to drastic changes in their
environment (Roux, 1914). These environmental changes can directly or indirectly a�ect protein
structure, activity and homeostasis. Protein quality control systems are an important part of cellular
adjustment processes allowing a response to such changes. Theconserved cellular protein quality
control systems comprise chaperones and members of the AAAC family, which can prevent or
reverse the potentially toxic aggregation of misfolded proteins. Damaged, misfolded, or aggregated
proteins that cannot be successfully refolded or repaired, cansubsequently become degraded by the
AAAC protease complexes (Wickner et al., 1999; Hartl et al., 2011; Mogk et al., 2011).

These AAAC proteins are members of a conserved family of ATP-hydrolyzing proteins with
all kind of activities in many cellular pathways, including replication, DNA and protein transport,
transcriptional regulation, ribosome biogenesis, membrane fusion, and protein disaggregation or
degradation. The AAAC family proteins often form hexamers, and can convert the energy of
ATP hydrolysis into mechanical force in order to remodel or unfold proteins or nucleoprotein
complexes, to move DNA or proteins, or to facilitate membrane fusion (Ogura and Wilkinson,
2001; Erzberger and Berger, 2006; Sauer and Baker, 2011).

The unifying activity of the AAAC family proteins participating in protein quality control
systems is to unfold proteins facilitated by ATP hydrolysis-dependent translocation using
speci�c loops in the pore formed by the AAAC hexameric ring structure. This unfoldase
activity is central for the function of AAAC proteins in protein disaggregation and degradation
(Horwich et al., 1999; Sauer and Baker, 2011). In conjunction with Hsp70 chaperones, AAAC
proteins of the Hsp104/ClpB protein family can disaggregate and subsequently refold protein
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aggregates (Glover and Lindquist, 1998; Mogk et al., 2015).
However, in AAAC protease complexes, AAAC unfoldases
such as ClpC or ClpX associate with a speci�c barrel-shaped,
compartmentalized protease complex, such as ClpP, which
receive the unfolded proteins for degradation from the
translocating AAAC proteins (Weber-Ban et al., 1999; Wickner
et al., 1999). Related AAAC proteases such as Lon or FtsH form
hexameric complexes, but encompass both, a AAAC followed by
a metallo-protease domain (Figure 1).

Interestingly, in the proteasome, the eukaryotic AAAC
protease complex, the base of the 19S regulatory subunit
is consisting of AAAC proteins forming a hetero-oligomeric
hexamer, which is associated with the proteolytic 20S particle.
Here, the heterologous AAAC proteins play a similar role as
homo-oligomeric hexameric AAAC proteins in the bacterial
AAAC protease complexes of the Hsp100/Clp protein family
(Kirstein et al., 2009b; Sauer and Baker, 2011; Matyskiela and
Martin, 2013).

Speci�c sequence tags and/or adaptor proteins are necessary
for the recognition, selection and preparation of substrate
proteins for degradation by the AAAC protease complexes.
Diverse adaptor proteins for many AAAC proteins have been
characterized and identi�ed in various bacteria, including model
systems such asEscherichia coli, B. subtilis, or Caulobacter
crescentus. The synthesis and activity of these adaptor proteins
can be regulated by a variety of mechanisms and input signals.
For example, adaptor protein activity can be controlled by
sequestration, proteolysis, post-translational modi�cation, or
anti-adaptor proteins (Kirstein et al., 2009b; Sauer and Baker,
2011; Battesti and Gottesman, 2013; Joshi and Chien, 2016;
Kuhlmann and Chien, 2017; Yeom et al., 2017). It was recently
demonstrated inE. colithat DnaK selects and targets substrates

FIGURE 1 | AAAC proteases and adaptor proteins ofB. subtilis. The AAAC protease complexes ofB. subtilis and the known interacting adaptor proteins are shown.
The different distinguishing AAAC and accessory domains are depicted.

for disaggregation and refolding by ClpB, and therefore can be
considered an adaptor for ClpB (Weibezahn et al., 2004; Oguchi
et al., 2012; Sey�er et al., 2012; Winkler et al., 2012b).

In B. subtilis, the ClpC adaptor proteins MecA, YpbH, and
McsB, the ClpX adaptor proteins YjbH and CmpA, and the
LonA adaptor protein SmiA were identi�ed and characterized
(Kirstein et al., 2009b; Mukherjee et al., 2015; Tan et al., 2015;
Figure 1). Interestingly, the adaptor proteins of ClpC not only
recognize substrate proteins, but also facilitate the activation of
the ClpC hexamer, which allows for subsequent formation of
the functional protease complex. In the absence of substrates,
these adaptor proteins are themselves degraded, which leads to
inactivation of ClpCP. This regulatory mechanism curbs the
activity of the ClpCP protease when substrates are not present
(Kirstein et al., 2006). In summary, adaptor proteins play an
important role in controlling and facilitating the various and
di�erent regulatory and general functions of their cognate AAAC
proteins (Kirstein et al., 2009b; Sauer and Baker, 2011; Battesti
and Gottesman, 2013; Joshi and Chien, 2016; Kuhlmann and
Chien, 2017).

PROTEIN QUALITY CONTROL AND
STRESS RESPONSE SYSTEMS IN
BACILLUS SUBTILIS

B. subtilisis considered the model organism for Gram-positive
bacteria.B. subtiliscells are amenable to genetic manipulation,
and many tools and methods exist for the study of its physiology
and fundamental cellular processes (Sonenshein et al., 2002;
Graumann, 2017). It is a soil-dwelling organism that can adjust
to rapidly changing environmental conditions, including the
availability of nutrients, water and oxygen, and changes inlight,

Frontiers in Molecular Biosciences | www.frontiersin.org 2 July 2017 | Volume 4 | Article 44

http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive


Elsholz et al. AAAC Proteases ofBacillus subtilis

temperature, and salinity. This ability to sense and respond to
various environmental stimuli is a prerequisite for the survival
of B. subtilis in its ever-changing environment (Hecker and
Völker, 2001). In addition to a number of general and speci�c
stress response systems controlled by dedicated transcription
factors (e.g., SigmaB, CtsR, HrcA, Spx, PerR, or OhrR;Hecker
et al., 1996, 2007; Mogk et al., 1997; Zuber, 2009; Elsholz
et al., 2010b; Runde et al., 2014), B. subtilis cells can also
respond to environmental changes by triggering sophisticated
and complex developmental programs that result in sporulation,
bio�lm formation, motility, or competence (Rudner and Losick,
2001; Errington, 2003; Chen et al., 2005; Lopez et al., 2009;
Vlamakis et al., 2013; Mukherjee and Kearns, 2014; Hobley et al.,
2015). The AAAC protease systems and their adaptor proteins
are intricately involved in stress response and developmental
programs ofB. subtiliscells. Consequently, pleiotropic e�ects
were observed inclpX, clpC,andclpPdeletion strains and these
observed phenotypes are not only linked to protein quality
control, but also imply a regulatory role for these genes in
various stress response and developmental pathways (Dubnau
and Roggiani, 1990; Msadek et al., 1994; Gerth et al., 1998; Kock
et al., 2004; Zuber, 2004; Kirstein et al., 2009b; Runde et al., 2014).

Role of AAA C Proteins and Chaperone
Networks in B. subtilis Protein
Homeostasis
TheB. subtilisprotein quality control system includes chaperones
like the Hsp70 (DnaKJE) and Hsp60 (GroE) system, as well as
other conserved chaperone systems such as ribosome-associated
chaperones (Trigger factor), Hsp90 (HtpG), small heat shock
proteins and redox chaperones (Schumann et al., 2002; Moliere
and Turgay, 2009), together with AAAC protease complexes.

The AAAC unfoldase ClpB, which together with DnaK is
necessary for protein refolding and disaggregation (Glover and
Lindquist, 1998; Weibezahn et al., 2004; Haslberger et al.,2007;
Winkler et al., 2010, 2012a; Oguchi et al., 2012; Sey�er et al.,
2012), is widely conserved in most bacterial species, but is
notably absent fromB. subtilis. However, it was demonstrated
that B. subtilisClpC, which is closely related to ClpB, can—
together with the adaptor protein MecA or its paralog YpbH—
disaggregate and refold protein aggregatesin vitro when not
associated with ClpP (Schlothauer et al., 2003; Haslberger et al.,
2008).

In B. subtilis, the AAAC protease complexes ClpCP, ClpEP
and ClpXP are part of the protein quality control system. ClpC
was identi�ed as a stress-induced protein, the1 clpC strain is
thermosensitive and, similar to1 clpPor 1 clpX strains, display
impaired degradation of misfolded proteins (Krüger et al., 1994,
2000; Msadek et al., 1994; Gerth et al., 1998, 2004; Kock et al.,
2004). ClpE expression is tightly controlled and is only induced
after severe heat shock, implying that ClpEP might function asan
additional protease system under other severe stress conditions
(Derre et al., 1999a; Gerth et al., 2004; Miethke et al., 2006).
Consistent with their function in protein homeostasis, ClpC,
ClpX, ClpE, and ClpP were all observed to associate with
subcellular protein aggregates, especially upon heat shock or

heterologous protein synthesis (Krüger et al., 2000; Jürgen et al.,
2001; Miethke et al., 2006; Kain et al., 2008; Kirstein et al.,2008;
Simmons et al., 2008).

As previously demonstrated for other bacteria (Sauer and
Baker, 2011), ClpXP ofB. subtilisis necessary for the degradation
of proteins whose translation is stalled. These un�nished
polypeptides are prone to aggregation and must be eliminated. In
a process called trans-translation, stalled ribosomes are rescued
by the activities of the SmpB protein in conjunction with
the transfer and messenger RNA (tmRNA). The tmRNA is a
specialized small RNA, which aided by SmpB �rst acts as a tRNA
and subsequently like an mRNA. This not only liberates the
ribosome, but also results in the addition of a short sequence,
termed an SsrA tag to the C-terminus of the un�nished protein
(Keiler et al., 1996; Muto et al., 2000; Abe et al., 2008; Keiler,
2008; Ujiie et al., 2009). ClpXP recognizes the C-terminal SsrA
tag, and degrades these un�nished proteins, thereby preventing
their aggregation (Keiler et al., 1996; Wiegert and Schumann,
2001; Sauer and Baker, 2011).

The membrane-associated FtsH AAAC protease is most
likely also directly involved in protein quality control, since a
deletion of ftsH causes pleiotropic e�ects, including salt, and
heat sensitivity (Deuerling et al., 1995, 1997). The twoB. subtilis
AAAC protease Lon paralogs, LonA and LonB, do not have
a signi�cant role in the degradation of misfolded proteins
(Riethdorf et al., 1994; Schmidt et al., 1994; Krüger et al., 2000;
Serrano et al., 2001; Simmons et al., 2008). Only very little is
known about the possiblein vivo role of theB. subtilisClpYQ
(CodWX) AAAC protease complex (Slack et al., 1995; Kang et al.,
2003; Simmons et al., 2008; Figure 1).

Role of Chaperones and AAA C Protease
Complexes in Controlling Stress Response
Pathways
An interesting feedback mechanism was observed for the
regulation of chaperone synthesis inB. subtilis. The transcription
of thednaKandgroEoperon is controlled by the repressor HrcA,
which is also encoded as the �rst gene of thednaK operon.
The GroEL chaperone is necessary for maintaining the repressor
activity of HrcA. However, when GroEL interacts with unfolded
proteins, HrcA repressor activity cannot be maintained and the
synthesis of GroEL and DnaK is induced. The elevated levels
of chaperones help to protect and repair the proteome. This
subsequently restores the repressor activity of HrcA, thereby
terminating the transcriptional induction of chaperones (Mogk
et al., 1997; Schumann et al., 2002).

The same AAAC protease complexes can be involved in
general proteolysis for protein quality control and in regulatory
proteolysis to control the activity of transcription factorsand
other key regulatory proteins. InB. subtilis, not only chaperones
like GroEL are involved in sensing protein folding stress, but
the AAAC protease complexes ClpCP or ClpXP with their
adaptor proteins McsB and YjbH are involved in sensing various
stresses and are also involved in the regulation of their own
synthesis by controlling e.g., CtsR or Spx stability (Zuber,
2004; Kirstein et al., 2009b; Rochat et al., 2012; Runde et al.,
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2014; Engman and von Wachenfeldt, 2015; Mijakovic et al.,
2016).

Stress Response and the Control of the Spx Regulon
by ClpXP and Its Adaptor Protein YjbH
The unusual transcription factor Spx was �rst identi�ed by
analyzing genetic suppressor mutations selected in aclpPor clpX
deletion strain, which were mapped to theyjbD gene encoding
Spx (Nakano et al., 2001). Spx is normally degraded by ClpXP,
and the growth defect inB. subtilisstrains lackingclpXor clpPis
due to an accumulation of this transcription factor (Nakano et al.,
2002, 2003a,b; Figure 2).

The same suppressor mutant analysis suggested, and
subsequent structural analysis demonstrated, that Spx modulates
transcription by interacting with the alpha subunit of the RNA
polymerase (Nakano et al., 2000; Newberry et al., 2005). In
doing so, it inhibits the interaction of activators with theRNA
polymerase (Nakano et al., 2003b). In addition, it was observed
that Spx can also operate at speci�c promoters as a redox-
controlled activator of transcription (Nakano et al., 2005, 2010;
Newberry et al., 2005; Lin and Zuber, 2012; Lin et al., 2013).
Spx controls a broad regulon that includes genes important
for the redox stress response, such as the redox chaperone
TrxA and genes that maintain cellular thiol homeostasis
(Antelmann et al., 2000; Nakano et al., 2003a,b; Zuber, 2009;
Rochat et al., 2012). It was recently observed that not only
oxidative stress but also heat stress can induce Spx activity
and that Spx is essential for thermotolerance development in
B. subtilis. These results suggested that Spx is important to
orchestrate the heat and oxidative stress responses (Runde et al.,
2014).

The stress sensing for the regulatory proteolysis and activity
control of Spx is mediated via the adaptor protein YjbH and the

N-terminal domain (NTD) of ClpX. Under normal conditions,
ClpXP and the adaptor protein YjbH suppress Spx activity
by mediating its degradation (Larsson et al., 2007; Rogstam
et al., 2007; Garg et al., 2009; Kommineni et al., 2011; Chan
et al., 2014). The adaptor protein YjbH induces the exposure
of a ClpXP recognition element of Spx, thereby promoting Spx
degradation under normal conditions (Chan et al., 2014). It
was demonstrated that the zinc ion-containing NTD of ClpX is
sensitive to oxidative stress, which would inhibit ClpXP mediated
degradation. Spx activity can be directly modulated by disul�de
bond formation upon oxidation of two speci�c cysteines (Nakano
et al., 2005; Zhang and Zuber, 2007). Oxidative inactivation (Garg
et al., 2009) or stress-mediated sequestration of YjbH to protein
aggregates (Engman and von Wachenfeldt, 2015) results in the
stabilization and accumulation of Spx also under heat stress
conditions (Zuber, 2009; Runde et al., 2014). Therefore, multiple
stress signals are sensed and integrated by the adaptor protein
YjbH, the AAAC protein ClpX and Spx itself in order to control
the activity and stability of this transcription factor (Zuber, 2004,
2009; Figure 2).

Interestingly, a study combining global transcriptomics and
identi�cation of Spx chromosomal binding sites revealed that
Spx activates not only transcription of the genes for the ClpC
adaptor proteins MecA and YpbH (Nakano et al., 2003a), but also
the genes for the AAAC protein ClpX and its adaptor protein
YjbH (Rochat et al., 2012). The same study provided evidence
that Spx positively in�uences the expression of CtsR dependent
genes. The observation of additional identi�ed Spx binding sites
might even suggest that HrcA-dependent gene expression could
also be a�ected by Spx (Rochat et al., 2012). These results
support a central and intricate role of Spx inB. subtilisheat
shock response and protein quality control (Runde et al., 2014;
Figure 2).

FIGURE 2 | YjbH mediated degradation of Spx by ClpXP and its inhibitionby heat and oxidative stress. The different steps of targeting of Spx by YjbH to ATP
dependent degradation by ClpXP und non-stressed growth conditions is depicted in the lower part. Upon oxidative or heatstress, the adaptor protein YjbH is
sequestered to subcellular protein aggregates (Engman and von Wachenfeldt, 2015). Both YjbH and the NTD can also become inactivated by oxidation (indicated by
a * ; Zhang and Zuber, 2007; Garg et al., 2009).

Frontiers in Molecular Biosciences | www.frontiersin.org 4 July 2017 | Volume 4 | Article 44

http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive


Elsholz et al. AAAC Proteases ofBacillus subtilis

Heat and Oxidative Stress Responses and the
Control of the CtsR Regulon
CtsR (Class three stress repressor) is a global repressor of
protein quality control genes inB. subtilisand all Gram positive
bacteria (Elsholz et al., 2010a) and recognizes a conserved direct
heptanucleotide repeat sequence in its dimeric form (Krüger
and Hecker, 1998; Derre et al., 1999b). However, CtsR repressor
activity is in�uenced by several di�erent stress signals, and many
of the signal transduction mechanisms that converge on CtsR
are regulated by the protein quality control machinery (Elsholz
et al., 2010a). Thus, CtsR represents a central regulator for the
adaption of the cell to environmental changes that in�uence
cellular protein quality control.

CtsR controls the expression of its own operon containing
ctsR, mcsA, mcsB,and clpC. clpPand clpEare also regulated by
CtsR as single genes. CtsR therefore controls its own synthesis.
mcsAand mcsBgenes were identi�ed as encoding modulators
of CtsR activity (Krüger et al., 2001). Proteins like ClpC or
ClpP whose expression is inhibited by CtsR play a crucial
role for the adaptation to high temperatures and must be
induced during heat stress in order to ensure survival of the
cell (Krüger and Hecker, 1998; Derre et al., 1999b, 2000; Gerth
et al., 2004). The level of control by CtsR is re�ected by the
number of CtsR binding sites in the respective promoters.
The tighter the CtsR mediated repression is, the stronger
the transcription of these proteins is repressed under optimal
growth conditions and can be induced during stress conditions
(Helmann et al., 2001; Petersohn et al., 2001). In contrast to
what is known about the regulation of other heat stress response
systems, the inactivation of CtsR during heat stress depends
solely on an intrinsic thermosensing function, independentof
other components such as chaperones in�uencing CtsR activity
(Elsholz et al., 2010b; Figure 3). CtsR uses a highly conserved
tetraglycine loop within the winged helix-turn-helix domain
(HTH) to sense changes in temperature (Fuhrmann et al.,
2009). This region possesses a high conformational entropy that
confers decreased thermostability, and is conserved amongall
Gram-positive CtsR homologs (Elsholz et al., 2010b). Under
non-stress conditions, CtsR binds to and represses its DNA
operator. However, upon temperature upshift, the labile glycine-
rich loop within the HTH changes conformation such that
CtsR binding to DNA is impaired, and the expression of genes
under the control of CtsR is induced. Interestingly, this ability
of CtsR to sense changes in temperature is conserved among
low-GC Gram-positive bacteria and adapted to the species-
speci�c temperature of the ecological niche. This could suggest
that the highly conserved tetraglycine loop is involved in the
ability to sense temperature upshifts but that distinct, variable
regions of CtsR are responsible for adaptation to species-
speci�c temperatures (Elsholz et al., 2010a,b). Interestingly,
CtsR-dependent gene expression becomes repressed upon heat
exposure within 15 min (Elsholz et al., 2010b), showing that not
the high temperatures itself, but rather the temperature upshift
leads to CtsR inactivation. Newly synthesized CtsR molecules
are able to bind to their DNA operators even under heat stress
conditions, whereas inactivated CtsR molecules are targeted for
ClpCP-dependent proteolysis.

ClpE-dependent control of CtsR activity
The mechanism described above allows expression of the CtsR
regulon within minutes of exposure to heat (Krüger and Hecker,
1998). However, this CtsR mediated response is strictly limited
in time, because newly synthesized active or reactivated CtsR
can repress the transcription of its regulon again after about
15 min. Interestingly, the apparent reactivation of CtsR depends
somehow also on the activity of the AAAC protein ClpE. In a
clpEmutant strain, CtsR is fully functional under normal growth
temperatures and becomes inactivated upon heat exposure.
However, the repression of CtsR-dependent gene expression is
dramatically delayed in the absence of ClpE (Miethke et al.,
2006). This observation indicates that ClpE—together with other
AAAC proteins such as ClpC—might be involved in maintaining
the repressor activity of CtsR. This mechanism would ensure
that expression of CtsR-regulated genes is only inhibited when
appropriate levels of active AAAC proteins are present to
maintain CtsR activity (Miethke et al., 2006). How exactly the
two diverging functions between CtsR-degradation and CtsR-
reactivation are controlled and separated by the two AAAC
proteins, remains unclear, but for example an involvement
through the control of McsB activity seems plausible. In aclpEor
clpCmutant, the removal of protein stress conditions is delayed,
which would keep the McsB kinase active for a longer time
(Elsholz et al., 2011a), resulting in CtsR inactivation and thus
delayed re-activation.

Regulation of CtsR by McsB
The most important regulator of CtsR is McsB, which is a protein
arginine kinase and an adaptor protein for the ClpCP protease
complex targeting speci�c substrates, such as CtsR, for ClpCP-
dependent degradation. McsB is considered as a versatile protein
that integrates di�erent stress signals and ful�lls a diverseset of
functions (Kirstein et al., 2005, 2007; Fuhrmann et al., 2009, 2013;
Elsholz et al., 2011b, 2012; Schmidt et al., 2014; Mijakovic et al.,
2016).

McsB as a protein kinase and its control by ClpC, McsA and
YwlE
Protein arginine phosphorylation by McsB can drastically change
protein activity by switching the charge of the protein at
the phosphorylation site and/or by targeting the protein for
degradation (Kirstein et al., 2005, 2007; Fuhrmann et al., 2009;
Elsholz et al., 2012; Trentini et al., 2016). Therefore, McsB kinase
activity must be stringently controlled. Consistent with this,
cells expressing hyperactive McsB display a severe growth defect
(Elsholz et al., 2011a).

The activity of the McsB kinase is tightly controlled by a
complex regulatory network that involves its activator McsA,
the AAAC proteins ClpC and ClpE, as well as the recently
identi�ed protein arginine phosphatase YwlE (Kirstein et al.,
2005; Elsholz et al., 2011a; Mijakovic et al., 2016). Auto-
phosphorylation of McsB is thought to promote its activation
(Kirstein et al., 2005; Elsholz et al., 2011a, 2012; Fuhrmann
et al., 2013). YwlE is the cognate phosphatase for McsB-
dependent arginine phosphorylation events (Kirstein et al., 2005;
Elsholz et al., 2011a, 2012; Fuhrmann et al., 2013) and YwlE
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FIGURE 3 | Regulation of CtsR activity under different environmentalstress conditions. In non-stressed cells, CtsR is active as arepressor to inhibit expression of its
target genes [class III heat shock genes (clpP and clpE not shown)] by binding to operator sites (three �lled triangles). Upon heat exposure, CtsR is inactivated by an
intrinsic thermosensor function of CtsR, resulting in the de-repression of its target genes. Free CtsR is targeted for ClpCP-dependent degradation by an active McsB
kinase. Under normal conditions, McsB is kept inactive by interaction with ClpC. Heat stress results in the release and activation of McsB (which depends on the
presence of the activator McsA). It is not known what factor results in the release of McsB, but we know that protein stress also leads to activation of the McsB
kinase, which suggests that protein stress is responsible for the activation of McsB during heat stress. Once activated, McsB is not only able to target CtsR for
ClpCP-dependent degradation, but also to phosphorylate CtsR, which further results in the inactivation of CtsR. Interestingly, during thiol-reactive stress conditions,
McsA becomes oxidized. McsA not only acts as an activator of the McsB kinase, but also inhibits McsB-activity to directlyremove CtsR from the DNA. However,
oxidation of McsA* disrupts its interaction with McsB, preventing McsB to act as a kinase but also allowing it to remove CtsR from the DNA, resulting in de-repression
of the target genes. The protein arginine phosphatase YwlE,can dephosphorylate active McsB-P and thereby reset the McsB-P mediated inhibition of CtsR. However,
YwlE is also prone to oxidation, and thereby its inhibitory effect can be relieved by oxidation (YwlE*).

counteracts McsB function not only by de-phosphorylating
its substrates, but also by dephosphorylating McsB itself
(Figure 3).

ClpC and ClpE both act as inhibitors of McsB activity (Kirstein
et al., 2005, 2007; Elsholz et al., 2011a). It has been shown that
the McsB kinase activity is strongly inhibited by ClpCin vitro
(Kirstein et al., 2005) and that McsB strongly interacts with ClpC
in vivo due to a translation coupling of McsB with ClpC, but
that this interaction is abolished upon stress induction. Moreover,
in the absence of ClpC, McsB kinase activity is observed even
in the absence of any stress conditions (Elsholz et al., 2011a).
These observations suggest that under non-stress conditions,
McsB interacts with ClpC and that this interaction inhibits
McsB activation. Upon stress induction, McsB is released from
ClpC inhibition and is free to phosphorylate its target proteins.
Interestingly, the release of McsB from ClpC activate McsB asa
protein arginine kinase and adaptor protein (Kirstein et al., 2005,
2007; Elsholz et al., 2011a; Figure 3).

Interestingly, McsB not only promotes protein degradation,
but also inhibits the repressor activity of CtsR, possibly by
phosphorylating CtsR within the DNA-binding domain (Kirstein
et al., 2005, 2007; Fuhrmann et al., 2009; Elsholz et al., 2011a).
Although McsB is not involved in the inactivation of CtsR upon
heat stress, it has been shown that McsB kinase activity results

in CtsR inactivationin vivo (Elsholz et al., 2010b, 2011a). This
regulatory mechanism might explain the inactivation of CtsR
under other stress conditions that have been shown to strongly
activate CtsR-dependent gene expression, including salt and
protein folding stress. A common cellular event that is induced
by all these di�erent stress conditions is protein misfolding
and aggregation, which could directly or indirectly a�ect this
inhibitory interaction between ClpC and McsB (Kirstein et al.,
2007; Elsholz et al., 2011a; Figure 3). The activation of McsB
might represent a regulatory mechanism that monitors the level
of protein stress in the cell and ties the protein homeostatic
state of the cell to the expression and activity of protein
quality control systems. In addition, McsB has been shown to
phosphorylate hundreds of proteins including many regulatory
proteins (Elsholz et al., 2012; Schmidt et al., 2014; Trentini et al.,
2016). Thus, it is conceivable that McsB might in�uence a wide
range of cellular processes.

Sensing of oxidative stress via McsA and YwlE
As mentioned above, McsB kinase activity is inhibited not
only by the association with the AAAC protein ClpC, but
also by the protein arginine phosphatase YwlE (Elsholz et al.,
2012; Schmidt et al., 2014; Figure 3). Although, YwlE shows
a strong homology to low-molecular weight protein tyrosine
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