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Abstract All organisms developed genetic programs to allow
their survival under stressful conditions. In most cases, they
increase the amount of a specific class of proteins which deal
with the stress factor and allow cells to adapt to life-
threatening conditions. One class of stress proteins are the heat
shock proteins (HSPs) the amount of which is significantly
increased after a sudden temperature rise. How is the heat
shock response (HSR) regulated in bacteria? This has been
studied in detail in Escherichia coli, Bacillus subtilis and
Streptomyces spp. Two major mechanisms have been de-
scribed so far to regulate expression of the HSGs, namely
alternative sigma factors and transcriptional repressors. This
review focuses on the regulatory details of the different heat
shock regulons in the three well-studied bacterial species.
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Introduction

When cells of bacteria, archaea or eukaryotes are exposed to a
sudden temperature rise, a heat shock, they transiently induce
a group of genes called heat shock genes (HSGs) which code
for heat shock proteins (HSPs). This heat shock response
(HSR) was discovered by F. Ritossa (Ritossa 1996) by chance.
He was studying Drosophila melanogaster larvae treated with
different chemicals and was analyzing the puffing pattern in
the giant chromosomes isolated from salivary glands. It was
already known at that time that puffs represent transcribed
regions of the chromosome. One day, he observed a new
puffing pattern he could not explain. It turned out that one of
his coworkers had increased the temperature of the incubator
hosting the larvae (Ritossa 1962). The HSR had been discov-
ered! The next step was detection of the HSPs by Tissieres
etal. (1974) followed by the discovery of the alternative sigma
factor sigma-32 (Sig32) (also called sigma-H (SigH)) being
responsible for transcription of the HSGs in Escherichia coli.
First, a nonsense mutation has been described affecting the
synthesis of a major protein essential for growth at high tem-
perature. The mutation was mapped in a gene called rpoH
(Cooper and Ruettinger 1975). Next, the product of the
rpoH gene was identified as the alternative sigma factor
Sig32 (Grossman et al. 1984). Meanwhile, the HSR has been
studied in many bacteria, and both alternative sigma factors
and transcriptional repressor proteins have been identified as
major transcriptional regulators (Guisbert et al. 2008;
Micevski and Dougan 2013; Schumann 1996, 2003;
Yura 1996). In general, these transcriptional regulators
normally control expression of several heat shock operons
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designated as heat shock regulons. Furthermore, many bacte-
ria code for more than one heat shock regulon regulated by
different transcriptional regulators. E. coli codes for the SigH
and the sigma-E (SigE) heat shock regulons which both to-
gether constitute the E. coli heat shock stimulon. The present
review article will provide an updated version of the transcrip-
tional regulation of heat shock stimulons from three bacterial
species serving as paradigms of three important groups, name-
ly E. coli as the representative of the Gram-negative, Bacillus
subtilis as a representative of the low GC and Streptomyces of
the high GC Gram-positive bacteria.

The heat shock response

After its detection in Drosophila and later in E. coli, the HSR
has been demonstrated to be present in all organisms. What
happens after a sudden increase in temperature? Why are
HSGs induced? What is the function of the major HSPs? By
which mechanism(s) is the HSR induced? A sudden heat
shock results in protein unfolding leading to the formation
of protein aggregates, and large aggregates can cause cell
death. Therefore, the HSR is a ubiquitous strategy to remove
denatured proteins and to maintain protein homeostasis in all
organisms. It responds to protein unfolding, aggregation and
damage by the rapid and transient production of HSPs. Two
major classes of HSPs induced in all organisms are chaper-
ones binding to denatured proteins and allowing refolding to
their native state and ATP-dependent proteases degrading de-
natured proteins. In total, both groups of HSPs remove dena-
tured proteins to prevent formation of large protein aggregates
and cell death.

I will discuss three different situations. (i) The bacteria
grown at physiological temperatures and the HSGs expressed
at a basal level. (ii) The bacteria are exposed to a sudden
temperature increase, a heat shock, leading to an immediate
induction of the HSGs followed by a transient increase in the
amount of HSPs. (iii) After adaptation to the increased tem-
perature and removal of the denatured proteins, either by
refolding or degradation, the HSR is turned down to a
steady-state level somewhat higher than the basal level to
allow optimal growth of the bacterial cells under these tem-
perature conditions.

Regulation of the heat shock response

The major heat shock regulators are macromolecules acting as
molecular thermosensors. The principle of a molecular
thermosensor is a switch in the three-dimensional structure
of the macromolecule induced at the ambient temperature.
While at physiological temperatures, the macromolecule is
present in a conformation allowing only a basal level of
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expression of the HSGs or kept largely inactive by binding
to proteins, it adopts a different conformation after a heat
shock or is released from its binding partner. Additional mech-
anisms can fine-tune the HSR as will be described below.
Three different thermosensory biomolecules have been de-
scribed so far: RNA, DNA and proteins (Schumann 2012).
RNA and DNA thermosensors can adopt two different sec-
ondary structures depending on the temperature, allowing ei-
ther a basal or a high level of translation or transcription,
respectively. RNA thermosensors control the translation of
already existing or nascent mRNA molecules by forming a
secondary structure that traps the ribosome binding site
(RBS), also called Shine-Dalgarno (SD) sequence, at the
physiological temperatures. An increase in temperature desta-
bilizes the structure, liberates the RBS and permits formation
of the translation initiation complex (Righetti and Narberhaus
2014). One well-studied example of a DNA thermosensor is
the transcriptional control exerted by the nucleoid-associated
protein regulator H-NS on the virF’ promoter region of the
enteropathogen Shigella flexneri (Prosseda et al. 2004). At
temperatures >32 °C, a temperature-dependent change in the
local DNA topology leads to the induction of the virF promot-
er. All known protein thermosensors act as transcriptional re-
pressors. At physiological temperatures, transcriptional re-
pressors bind to their operators and become inactive after a
heat shock due to partial unfolding.

A completely different mechanism has been designated as
chaperone titration, which involves a direct interaction be-
tween chaperones and transcriptional regulators. At physio-
logical temperatures, the chaperones keep most transcriptional
repressors in their active conformation or sequester sigma fac-
tors. After a heat shock, the chaperones are titrated by dena-
tured proteins which appear immediately within the cells. As a
consequence, the transcriptional repressor cannot be folded
correctly, will stay in its inactive conformation, and the sigma
factors are released and bind to the RNA polymerase core
enzyme. The more denatured proteins have been either
refolded or degraded by proteases, the more chaperones are
able to take care of the transcriptional regulator to allow
refolding to its active conformation or to sequester it. This will
result in a continuous decrease in the expression of the HSGs
to a steady-state level somewhat higher than the basal level as
long as the bacterial cells are exposed to increased
temperatures.

The E. coli heat shock stimulon

All bacteria code for one housekeeping sigma factor (Sig70 in
E. coli) and several alternative sigma factors. The housekeep-
ing sigma factors are responsible for transcription of the
housekeeping genes which are responsible for growth and
propagation of the bacterial cell. The alternative sigma factors
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are produced or activated when cells undergo particular phys-
iological stresses (Gruber and Gross 2003; Kazmierczak et al.
2005). The E. coli K12 strain codes for six, B. subtilis for 16
and Streptomyces coelicolor for even 62 alternative sigma
factors.

So far, two different heat shock regulators, the alternative
sigma factors Sig32 and SigE, have been described in E. coli.
Both sigma factors are cytosolic proteins and present even
under physiological conditions, but their interaction with the
core RNA polymerase is regulated by different mechanisms.
While Sig32 is activated by denatured proteins appearing in
the cytoplasm after a heat shock (in the laboratory from 30 to
42 °C), SigE is activated by unfolded proteins in the periplasm
(after a heat shock from 30 to 46 °C).

The sigma-32 heat shock regulon

Regulation of Sig32 occurs by three different mechanisms. (i)
Translation of its mRNA acting as an RNA thermosensor, (ii)
inhibition of its activity by binding to the DnaK/Dnal/GrpE or
GroEL/GroES chaperones and (iii) stability of the Sig32 pro-
tein (Fig. 1). The collaboration between the three mechanisms
allows the cells to achieve a balanced physiological state, to
survive heat stress and to maintain protein homeostasis in
living cells.

The steady-state level of Sig32 is low in the absence of heat
stress, and low levels of Sig32 (~50 molecules per cell with an
half-life of ~1 min) are maintained by the three different mech-
anisms mentioned above. First, inefficient initiation of trans-
lation due to base pairing within the rpoH mRNA occluding
the Shine-Dalgarno sequence (Fig. 1a). Second, most Sig32
molecules are kept inactive by binding to one of the two major
chaperone systems DnaK/Dnal/GrpE or GroEL/ES (Fig. 1b).
In vitro experiments have shown that both chaperone systems
inhibit the activity of SigH (Gamer et al. 1992; Guisbert et al.
2004; Gamer et al. 1996; Liberek et al. 1992). Third, the SigH
stability is controlled by two different ATP-dependent prote-
ases (Fig. 1c). The first protease identified many years ago is
the metalloprotease FtsH anchored in the inner membrane
(Herman et al. 1995; Kanemori et al. 1997; Tomoyasu et al.
1995). Quite recently, it has been shown that the signal recog-
nition particle (SRP), which consists of the 4.5S RNA and the
Fth protein forming a complex, recognizes and binds SigH
and targets it to the inner membrane, where it is degraded by
FtsH (Lim et al. 2013). By using in vivo cross-linking ap-
proaches, it could be demonstrated that the homeostatic con-
trol region of Sig32 directly interacts with the signal-peptide
binding site in the M domain of Fth, and this interaction is
independent of chaperones (Miyazaki et al. 2016). And very
recently, a second pathway of degradation has been published.
Here, SigH is first covalently bound to the ubiquitin-like
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Sig32 | DnaK/J/GrpE R — Sig32 | DnaK/J/GrpE
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Fig. 1 Regulation of the Sig32 regulon of E. coli. a The rpoH mRNA
coding for Sig32 forms a partial secondary structure thereby sequestering
the SD sequence at 30 °C allowing only a basal level of translation. After
a shift to 42 °C, the RNA strands will be separated allowing a high level
of translation. b At the low temperature, most Sig32 molecules are
sequestered either by the DnaK or the GroEL chaperone system. After a
heat shock, the chaperones dissociate from Sig32 bind to the denatured
proteins. This mechanism has been called chaperone titration. ¢ At 30 °C,
most free Sig32 molecules are bound either by the signal recognition
particle (SRP) and guided to the FtsH protease or modified by the
ubiquitin-like protein ThiS and guided to the ClpXP protease for
degradation

protein ThiS followed by degradation by the ClpXP protease
(Xu et al. 2015).

Upon a heat shock, the level and activity of Sig32 rapidly
increases due to elevated translation of the rpoH mRNA. In
parallel, the accumulation of unfolded proteins in the cyto-
plasm sequesters the chaperones transiently (5-10 min) lead-
ing to stabilization of Sig32 (Straus et al. 1987). Both mech-
anisms result in a rapid 12- to 15-fold increase in the levels of
Sig32 with an half-life of about 10 min resulting in the induc-
tion phase. During the adaptation phase, further synthesis of
the heat shock proteins is largely blocked as the activity of
Sig32 becomes inhibited by chaperones and its turnover is
increased as described above.

The sigma-E heat shock regulon

The alternative sigma factor SigE belongs to the group of
extracytoplasmic function (ECF) sigma factors. These sigma
factors are capable of responding to a number of signals in-
cluding cell wall and membrane stress and the oxidation state
(Helmann 2002). In E. coli, SigE is encoded by the rpoE gene
being part of the tetracistronic operon rpoE-rseA-rseB-rseC.
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RseA (regulation of SigE) acts as an antisigma factor of SigE,
inserted into the cytoplasmic membrane with one transmem-
brane domain that tethers SigE to the membrane thereby
preventing its interaction with the core RNA polymerase
(Missiakas et al. 1997) (Fig. 2). RseB is a periplasmic protein
that binds to RseA in a one-to-one binding stoichiometry and
acts as a co-antisigma factor (Cezairliyan and Sauer 2007).
RseC is an inner-membrane protein able to positively modu-
late the SigE activity through a so far unknown mechanism
(Missiakas et al. 1997).

SigE is released from its antisigma factor by cell envelope
stress involving the stepwise degradation of the antisigma
factor by three different proteases acting in a consecutive
way (Fig. 2). Two macromolecules have been identified as
signals to trigger RseA degradation: outer membrane proteins
(OMPs) and lipopolysaccharides (LPS). The DegS protease
recognizes the C-terminal YxF motif of unfolded- or unassem-
bled OMPs which will result in cleavage of the RseA
antisigma factor in its periplasmic domain (Mecsas et al.
1993; Walsh et al. 2003). In addition to DegS activation,
RseA cleavage by DegS needs the dissociation of RseB from
RseA (Grigorova et al. 2004; Lima et al. 2013). Next, the
RseP protease, anchored in the cytoplasmic membrane with
four transmembrane domains, cleaves RseA within or near the
transmembrane region resulting in release of the shortened
RseA into the cytoplasm (Kanehara et al. 2002, 2003). In
the last step, the remaining part of RseA will be completely
degraded by one of different cytosolic proteases including
CIpXP, ClpAP, Lon or HsIUV (Chaba et al. 2007). Finally,
SigE will be released into the cytoplasm where it will interact
with the RNA polymerase core enzyme guiding it to SigE-
dependent promoters leading to the induction of the SigE
regulon. When LPS accumulates in the periplasm, it will dis-
sociate RseB from RseA, thereby initiating the RseA proteol-
ysis cascade (Chaba et al. 2011; Lima et al. 2013). SigE acti-
vates a total of 89 transcriptional units. When the unfolded
OMPs have been removed, the DegS protease will return to its
inactive state keeping the antisigma factor RseA intact starting
to sequester SigE thus turning off the SigE regulon.

The Bacillus subtilis heat shock stimulon

B. subtilis is the model organism of the Gram-positive bacte-
ria. Besides its physiology, regulation of sporulation and of
competence have been intensively studied (Sonenshein et al.
2002). In 1990, we started to study the HSR in this microor-
ganism. We cloned and sequenced the dnaK and the groESL
operons and detected a repressor gene responsible for negative
regulation of both operons (Schmidt et al. 1992; Wetzstein
etal. 1992). Later, we could show that the GroESL chaperones
are responsible for regulating the activity of the HrcA repres-
sor (Mogk et al. 1997).
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Fig. 2 Regulation of the SigE regulon of E. coli. The antisigma factor
RseA is inserted into the inner membrane (IM) by one transmembrane
domain. The co-antisigma factor RseB binds to its C-terminal part
exposed into the periplasm (P), and the N-terminal end extending into
the cytoplasm (C) sequesters SigE at low temperatures. After a severe
heat shock, the C-terminal ends of partially unfolded outer membrane
proteins activate the DegS protease which will cleave within the
periplasmic domain of RseA. This leads to a conformational change
within its IM domain activating the RseP protease which will cleave
within this domain thereby releasing the remaining part of RseA with
SigE still bound to it into the cytoplasm, where it will be completely
degraded by the ClpXP or some other protease to finally release SigE

Its heat shock response network is composed of the two
transcriptional repressors HrcA and CtsR, the alternative sig-
ma factor SigB and the CssRS two-component system
(Elsholz et al. 2010a; Hecker et al. 2007; Schumann 2003;
Schumann et al. 2002). Some additional genes have been
shown to be heat-inducible, but they could not be attributed
to one of these four heat shock regulons. Therefore, they must
be members of one or more additional heat shock regulons.
Two examples are the genes /i#pG coding for a chaperone
(Schulz et al. 1997), and ftsH encoding a membrane-
anchored metalloprotease (Deuerling et al. 1995).

The HrcA regulon

The HrcA regulon consists of two operons, the heptacistronic
dnaK (hrcA-dnaK-dnaJ-grpE-orf35-orf28-orf50) and the
bicistronic groESL operon (Homuth et al. 1997; Li and
Wong 1992; Schmidt et al. 1992). Both operons are preceded
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by a SigA promoter (the sigA gene codes for the housekeeping
SigA) and followed by a perfect inverted repeat of 9 bp sep-
arated by a 9 bp spacer (TTAGCACTC-N9-GAGTGCTAA)
designated as CIRCE (controlling inverted repeat of chaper-
one expression) (Zuber and Schumann 1994). Introduction of
several point mutations into the CIRCE element preceding the
dnaK operon led to high constitutive expression of this oper-
on, but not of the groESL operon suggesting that both operons
are controlled by a transcriptional repressor (Zuber and
Schumann 1994). That the ArcA gene codes for this repressor
was demonstrated by analysis of an hrcA knockout. This
knockout mutant caused a high constitutive expression of both
operons (Schulz and Schumann 1996).

How is the activity of the HrcA repressor modulated at
ambient temperatures (Fig. 3)? We assume that HrcA belongs
to the group of protein thermosensors. Immediately after a
heat shock, it changes its conformation followed by dissocia-
tion from its two CIRCE elements. To become reactivated, it
needs to interact with the GroESL chaperone (Mogk et al.
1997). As described above, immediately after a heat shock,
the GroESL chaperone is titrated by the denatured proteins.
The more denatured proteins are refolded or degraded, the
more GroESL chaperones become available to refold HrcA
thereby converting it into its active form.

Recently, it has been shown in the case of the HrcA repres-
sor of Helicobacter pylori that the chaperone GroESL is able
to restore the HrcA binding activity lost upon heat challenge
(Roncarati et al. 2014).

The SigB regulon

Sigma-B (SigB) has been identified as the first alternative
sigma factor of bacteria (Haldenwang and Losick 1979).
SigB recognizes a particular promoter structure
(Haldenwang 1995) and is responsible for the transcription
of about 200 protein-coding general stress genes (5 % of the
genome) (Hecker et al. 2007; Nannapaneni et al. 2012) and
136 putative regulatory RNAs (Nicolas et al. 2012).
Expression of the whole regulon is primarily regulated by
controlling the activity of SigB by a complex signal transduc-
tion pathway called partner switching mechanism involving
positive- and negative-feedback loops placing the involved
regulatory genes under autoregulation (Hecker et al. 2007).
The basis of regulation of SigB is a partner-switching cas-
cade utilizing phosphorylation to alter binding partner-
specificity of the proteins involved in activation of SigB
(Fig. 4). Under physiological conditions, SigB is held in an
inactive state by the antisigma factor RsbW (regulation of
SigB). Besides binding to SigB, RsbW acts as a kinase and
phosphorylates the anti-antisigma factor RsbV thus keeping it
in an inactive state. Two different stress regimens can lead to
the dephosphorylation of RsbV: environmental or energy

30°C

A A
SN
\/ F—0© 42

Fig.3 Regulation of the HrcA regulon of B. subtilis. The HrcA repressor
needs GroESL for correct folding allowing binding to the perfect inverted
repeats, the CIRCE elements at low temperature. After a heat shock,
HrcA will undergo a conformational change, dissociate from its
inverted repeats and stay in an inactive conformation as long as
GroESL is interacting with the denatured proteins

stress. Both stresses result in the dephosphorylation of the
anti-antisigma factor RsbV by one of two different

Fig. 4 Regulation of the SigB regulon of B. subtilis. At 30 °C, SigB is
bound by the RsbW antisigma factor. The kinase activity of RsbW is used
to phosphorylate the anti-antisigma factor RsbV to keep it inactive. After
environmental stress such as a heat shock, the RsbT phosphatase will
become activated which in turn will dephosphorylate RsbV. The
anti-antisigma factor attacks the RsbW-SigB complex to release SigB.
If cells are exposed to energy stress, the RsbP phosphatase will be
activated, etc.
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phosphatases depending on the stress regimen. Subsequently,
RsbV sequesters RsbW and thus allows SigB to bind to the
RNA polymerase core enzyme.

As mentioned above, two different kind of stresses will
lead to the activation of SigB. Energy stress affects the
RsbQ-RsbP signaling pathway sensing glucose, oxygen, and
phosphate starvation and the exposure to agents such as NO,
azide, and mycophenolic acid (Hecker et al. 2007). It has been
suggested that the RsbQ o/f3 hydrolase provides a small mol-
ecule, which activates the phosphatase RsbP (Nadezhdin et al.
2011).

Environmental stress such as heat shock, salt, acid and
ethanol stress transfer their signals via a pathway involving
at least ten proteins forming a supramolecular complex known
as the stressosome (Marles-Wright and Lewis 2007) to the
RsbU phosphatase. This 1.8 MDa stressosome is composed
of different types of proteins: one or more members of the
partially redundant RsbR co-antagonist family (RsbRA, RB,
RC and RD), the RsbS antagonist, and the RsbT serine-
threonine kinase (Marles-Wright and Lewis 2007). The four
RsbR proteins have different N-terminal non-heme globin do-
mains and conserved C-terminal STAS (sulfate transporter/
antisigma factor antagonist) domains, and the smaller
RsbS protein is comprised only of one STAS domain
(Marles-Wright and Lewis 2007). Twenty molecules of
RsbR and ten RsbS dimers multimerize via these STAS
domains to form the core of the stressosome, and the RsbT
kinase binds to the surface of this structure to the RsbS
antagonist. The N-terminal domains of the RsbR dimers are
assured to provide sensory input.

If stressosomes sense the appropriate signal, the RsbT
kinase is released, which subsequently binds and activates
the RsbU environmental phosphatase (Chen et al. 2003;
Delumeau et al. 2004). RsbU in turn dephosphorylates the
anti-antisigma factor RsbV which attacks the RsbW-SigB
complex leading to the release of SigB (Fig. 4).

The CtsR regulon

The CtsR (class three stress repressor) regulon consists of
three operons, the tetracistronic c/pC operon (ctsR-mcsA-
mesB-clpC) and the two monocistronic c¢/pP and c/pE operons
(Kriiger et al. 1996, 1997). CtsR is a classical winged
helix-turn-helix (HTH) dimeric DNA-binding protein that
recognizes the highly conserved heptanucleotide direct
repeat sequence A/GGTCAAANANA/GGTCAA (called
CtsR box) overlapping with the transcription initiation site
or the —35 and —10 sequences of the promoter of the corre-
sponding operons (Derré et al. 1999b). While the HTH do-
main binds in the major groove of the DNA, the [3-hairpin
wing with its tetra-glycine loop contacts the minor groove.
CtsR can intrinsically sense the change in temperature via a
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glycine-rich loop (RGGGGY) present near the DNA-binding
winged HTH domain (Derré et al. 2000). Replacement of the
glycine residue at position 64 with a more rigid residue greatly
impairs the thermosensor ability of CtsR both in vivo and
in vitro (Elsholz et al. 2011). Furthermore, the stability of
the CtsR repressor is also regulated by CIpE, which functions
as a chaperone and is involved in overall protein quality con-
trol in the cytoplasm (Fig. 5) (Miethke et al. 2006). The McsA
(modulators of CtsR activity) protein contains a zinc-finger
motif and stabilizes CtsR under physiological conditions. In
its absence, CtsR is no longer active. The McsB protein har-
bors two activities. It contains an arginine kinase activity
(Fuhrmann et al. 2009) and acts as an adaptor protein that
delivers phosphorylated CtsR to the ClpCP complex for deg-
radation into small peptides (Kirstein et al. 2007). Under phys-
iological conditions, ClpC inhibits the kinase activity of McsB
by sequestering of the protein (Fig. 5) (Elsholz et al. 2011).
Immediately after a heat shock, CtsR is inactivated by a
three-step process. Due to its intrinsic heat-sensor ability, it
will change its conformation and dissociate from its operators.
The 3-hairpin loop was identified as the region responsible for
thermosensing of CtsR (Elsholz et al. 2010b). Second, McsB
is released from ClpC, and phosphorylates CtsR at several
conserved arginine residues thereby preventing CtsR from
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Fig. 5 Regulation of the CtsR regulon. At 30 °C, the CtsR repressor is
kept in its active conformation by the CIpE chaperone and binds to its
operators. The McsB kinase is kept inactive by forming a complex with
McsA, and this complex is anchored on the ClpCP proteasome. After a
heat shock, CtsR spontaneously dissociates from its operators, becomes
first phosphorylated by McsB to provide return into its active
conformation. Next, McsB serves as an adaptor protein and guides
CtsR-P to the ClpCP proteasome where it will be degraded to peptides
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rebinding to its operators (Elsholz et al. 2011; Fuhrmann et al.
2009) (Kirstein et al. 2005; Kriiger et al. 2001). Third, the
auto-phosphorylated McsB adaptor protein delivers unbound
phosphorylated CtsR-P to the ClpCP protease for degradation
(Fig. 5) (Kirstein et al. 2007).

CIpE is a very short-lived protein that is mainly degraded
by ClpCP (Gerth et al. 2004), and cIpE mutants do not exhibit
a severe phenotype (Derré et al. 1999a). It is involved in dis-
aggregation of heat-denatured proteins. CIpEP dominates
CtsR degradation at the early stage of heat stress ensuring
efficient derepression of the genes of the CtsR regulon.
Furthermore, CIpE is essential for rerepression during the ad-
aptation period (Miethke et al. 2006).

The CssRS regulon

The CssRS (control of secretion stress regulator and sensor)
two-component system is the fourth mechanism by which
B. subtilis responds to heat and to secretion stress (Westers
et al. 2006). CssS is a typical sensor kinase with two trans-
membrane domains and is induced in response to secretion
and heat stress (Darmon et al. 2002; Hyyryldinen et al.
2001; Krobitsch and Lindquist 2000; Noone et al. 2000,
2012). After autophosphorylation, the kinase transfers the
phosphoryl group to the response regulator CssR which in
turn activates transcription of the two monocistronic genes
htrA and htrB, both coding for chaperone-proteases that either
refold or degrade misfolded proteins within the cell envelope.
Both proteins have single transmembrane domains and are
located at the outer surface of the plasma membrane, although
HtrA also accumulates in the culture medium in a truncated
from (Antelmann et al. 2003). Details how the CssS sensor
kinase becomes activated are unknown so far. This protein
contains two transmembrane domains flanking an extracellu-
lar loop of 137 amino acids proposed to encode a PAS domain
(Chang et al. 2010). It has been shown that this loop is in-
volved in signal perception. As already mentioned the CssRS
stimulon consists of three transcriptional units, the bicistronic
cssRS operon and the two monocistronic AtrA and htrB
operons.

The Streptomyces heat shock stimulon

Streptomyces spp. are Gram-positive, GC-rich filamentous
soil bacteria that belong to the actinomycetales order and pos-
sess an about 8 kb linear chromosome (Hopwood 1999).
These bacteria constitute an economically important group
producing many naturally isolated antibiotics and other ther-
apeutic products. The Streptomyces heat shock stimulon con-
sists of three different regulons. All three are under the nega-
tive control by three different transcriptional repressors

designated as HrcA, RheA and HspR. They all have been
studied extensively in S. albus.

The HrcA regulon

The HrcA repressor negatively regulates three operons in
S. albus, the bicistronic hrcA-dnaJ2 and groES-groELI op-
erons and the monocistronic groEL2 operon (Grandvalet
et al. 1998). All three operons are preceeded by one or two
copies of the CIRCE element. Disruption of ArcA increased
transcription of all three operons. It is assumed that the activity
of the HrcA repressor is regulated in a similar way to that
proposed for HrcA of B. subtilis (Mogk et al. 1997).

The RheA regulon

The RheA regulon of S. albus consists so far of two adjacent
monocistronic operons. One codes for the small 18 KDa
HSP18 protein, and the other for the transcriptional repressor
RheA (repressor of hsp 18) which controls transcription of the
hsp18 gene and its nearby own gene negatively (Guglielmi
et al. 1991). The rheA gene is located 150 bp from, and in
opposite orientation of Aspl8. A rheA knockout produces a
large amount of the Asp/8 mRNA at physiological tempera-
ture (30 °C), but the HSP18 protein is present only after a heat
shock. Disruption mutagenesis of Aspl8 exhibited that the
HSP18 protein is not essential for growth between 30 and
42 °C but is involved in thermotolerance at extreme tempera-
tures (Servant and Mazodier 1995). These data suggest two
independent regulation mechanisms.

The temperature-sensing autorepressor RheA belongs to
the group of protein thermosensors. At low temperature, it is
present in its active form and regulates its own transcription
and that of Aspl8. After a heat shock, RheA unfolds and
adopts a configuration unable to bind its operators. In the
absence of the rheA gene, the hsp/8 mRNA is present, but
is not translated suggesting that the 4sp/8 gene is subject to
posttranscriptional regulation (Servant and Mazodier 1996).
Most probably, the mRNA forms a secondary structure where
the 5" untranslated region folds back and base-pairs with the
ribosome-binding site thereby block translation as has been
described for the rpoH mRNA.

The HspR regulon

The nucleotide sequence of the dnaK operon of S. coelicolor
A3(2) revealed the four genes dnaK-grpE-dnaJ-hspR (heat
shock protein R), where the HspR protein specifically inter-
acts with three partially related inverted repeat sequences cen-
tered at —75, —49, and +4, respectively, relative to the
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transcription start site of the operon (Bucca et al. 1995). A
similar operon has been identified in S. albus, and disruption
of'the AspR gene resulted in a constitutive strong expression of
the dnaK operon and of the monocistronic c/pB gene
(Grandvalet et al. 1999), indicating that the HspR acts as a
transcriptional repressor (Grandvalet et al. 1997). The clpB
gene is also preceded by an inverted repeat comparable to that
found on three copies upstream of the dnaK operon, and the
consensus sequence of this motif is CTTGAGT-N5-
ACTCAAG. The HspR binding site was designated as
HAIR (HspR-associated inverted repeat). In S. /ividans, the
lon gene is also negatively regulated by the HspR/HAIR re-
pressor/operator system (Sobczyk et al. 2002).

HspR specifically requires the DnaK protein to interact
with the HAIR elements. In gel retardation experiments, the
protein-DNA complex can be supershifted by anti-DnaK
monoclonal antibodies, demonstrating that DnaK forms an
integral component of the complex (Bucca et al. 2000).
Since DnaK copurifies with HspR, it was concluded that
DnaK functions as a transcriptional co-repressor by binding
to HspR at its operator site. Thereby, the DnaK-HspR system
represents a novel example of a feedback regulation of gene
expression by a molecular chaperone. In the absence of dena-
tured proteins, DnaK forms a complex with HspR able to bind
to the HAIR elements. After a heat shock when the amount of
denatured proteins increase suddenly, DnaK is titrated by
these proteins and is not able to bind to HspR leading to the
induction of the HSGs of the HspR regulon.

Concluding remarks

Regulation of the HSR has been studied in E. coli first starting
in 1975 (Cooper and Ruettinger 1975). Meanwhile, the HSR
has been investigated in numerous bacterial species, and two
types of regulators have been identified so far: alternative
sigma factors and transcriptional repressors. Their activity is
regulated either by a conformational change occurring imme-
diately after a heat shock or indirectly by degradation of the
protein sequestering the heat shock regulator. In both cases,
expression of the HSGs starts immediately after a temperature
upshift to prevent formation of protein aggregates which could
lead to cell death. It will be interesting to know whether addi-
tional types of regulators will be identified during the coming
years.

Why do bacteria organize their HSGs into two and more
regulons? It has been shown that many HSGs are not only
induced by a heat shock, but by additional stressful situations
including salt, acid and ethanol stress and starvation for phos-
phate to mention some prominent stress regimens. Therefore,
organization of the HSGs into different regulons allows cells
to differentially induce those genes needed during a specific
stress regimen.

@ Springer

References

Antelmann H, Darmon E, Noone D, et al. (2003) The extracellular pro-
teome of Bacillus subtilis under secretion stress conditions. Mol
Microbiol 49:143-156

Bucca G, Brassington AME, Schonfeld H-J, et al. (2000) The HspR
regulon of Streptomyces coelicolor: a role for the DnaK chaperone
as a transcriptional co-repressor. Mol Microbiol 38:1093—-1103

Bucca G, Ferina G, Puglia AM, et al. (1995) The dna K operon of
Streptomyces coelicolor encodes a novel heat-shock protein which
binds to the promoter region of the operon. Mol Microbiol 17:663—
674

Cezairliyan BO, Sauer RT (2007) Inhibition of regulated proteolysis by
RseB. Proc Natl Acad Sci U S A 104:3771-3776

Chaba R, Alba BM, Guo MS, et al. (2011) Signal integration by DegS
and RseB governs the ¢"-mediated envelope stress response in
Escherichia coli. Proc Natl Acad Sci U S A 108:2106-2111

Chaba R, Grigorova IL, Flynn JM, et al. (2007) Design principles of the
proteolytic cascade governing the o"-mediated envelope stress re-
sponse in Escherichia coli: keys to graded, buffered, and rapid sig-
nal transduction. Genes Dev 21:124-136

Chang C, Tesar C, Gu M, Babnigg G, et al. (2010) Extracytoplasmic
PAS-like domains are common in signal transduction proteins. J
Bacteriol 192:1156-1159

Chen C-C, Lewis RJ, Harris R, et al. (2003) A supramolecular complex in
the environmental stress signalling pathway of Bacillus subtilis. Mol
Microbiol 49:1657-1669

Cooper S, Ruettinger T (1975) A temperature sensitive nonsense muta-
tion affecting the synthesis of a major protein of Escherichia coli
K12. Mol Gen Genet 139:167-176

Darmon E, Noone D, Masson A, et al. (2002) A novel class of heat and
secretion stress-responsive genes is controlled by the autoregulated
CssRS two-component system of Bacillus subtilis. ] Bacteriol 184:
5661-5671

Delumeau O, Dutta S, Brigulla M, et al. (2004) Functional and structural
characterization of RsbU, a stress signaling protein phosphatase 2C.
J Biol Chem 279:40927-40937

Derré I, Rapoport G, Devine K, et al. (1999a) CIpE, a novel type of
HSP100 ATPase, is part of the CtsR heat shock regulon of
Bacillus subtilis. Mol Microbiol 32:581-593

Derré 1, Rapoport G, Msadek T (1999b) CtsR, a novel regulator of stress
and heat shock response, controls c/p and molecular chaperone gene
expression in gram-positive bacteria. Mol Microbiol 31:117-131

Derré I, Rapoport G, Msadek T (2000) The CtsR regulator of stress
response is active as a dimer and specifically degraded in vivo at
37°C. Mol Microbiol 38:335-347

Deuerling E, Paeslack B, Schumann W (1995) The fisH gene of Bacillus
subtilis is transiently induced after osmotic and temperature
upshock. J Bacteriol 177:4105-4112

Elsholz AK, Gerth U, Hecker M (2010a) Regulation of CtsR activity in
low GC, Gram+ bacteria. Adv Microb Physiol 57:119-144

Elsholz AK, Michalik S, Zuhlke D, et al. (2010b) CtsR, the gram-positive
master regulator of protein quality control, feels the heat. EMBO J
29:3621-3629

Elsholz AK, Hempel K, Pother DC, et al. (2011) CtsR inactivation during
thiol-specific stress in low GC, Gram+ bacteria. Mol Microbiol 79:
772-785

Fuhrmann J, Schmidt A, Spiess S, et al. (2009) McsB is a protein arginine
kinase that phosphorylates and inhibits the heat-shock regulator
CtsR. Science 324:1323-1327

Gamer J, Bujard H, Bukau B (1992) Physical interactions between heat
shock proteins DnaK, Dnal, and GrpE and the bacterial heat shock
transcription factor o2, Cell 69:833-842

Gamer J, Multhaup G, Tomoyasu T, et al. (1996) A cycle of binding and
release of the DnaK, DnalJ and GrpE chaperones regulates activity of



Regulation of bacterial heat shock stimulons

967

the Escherichia coli heat shock transcription factor 6> EMBO J 15:
607-617

Gerth U, Kirstein J, Mostertz J, et al. (2004) Fine-tuning in regulation of
clp protein content in Bacillus subtilis. J Bacteriol 186:179-191

Grandvalet C, de Crécy-Lagard V, Mazodier P (1999) The ClpB ATPase
of Streptomyces albus G belongs to the HspR heat shock regulon.
Mol Microbiol 31:521-532

Grandvalet C, Rapoport G, Mazodier P (1998) ircA, encoding the repres-
sor of the groEL genes in Streptomyces albus G, is associated with a
second dnaJ gene. J Bacteriol 180:5129-5134

Grandvalet C, Servant P, Mazodier P (1997) Disruption of AspR, the
repressor gene of the dnak operon in Streptomyces albus G. Mol
Microbiol 23:77-84

Grigorova IL, Chaba R, Zhong HJ, et al. (2004) Fine-tuning of the
Escherichia coli o® envelope stress response relies on multiple
mechanisms to inhibit signal-independent proteolysis of the trans-
membrane anti-sigma factor, RseA. Genes Dev 18:2686-2697

Grossman AD, Erickson JW, Gross CA (1984) The htpR gene product of
E. coli is a sigma factor for heat-shock promoters. Cell 38:383-389

Gruber TM, Gross CA (2003) Multiple sigma subunits and the
partitioning of bacterial transcription space. Annu Rev Microbiol
57:441-466

Guglielmi G, Mazodier P, Thompson CJ, et al. (1991) A survey of the
heat shock response in four Streptomyces species reveals two groEL-
like genes and three GroEL-like proteins in Streptomyces albus. J
Bacteriol 173:7374-7381

Guisbert E, Herman C, Lu CZ, Gross CA (2004) A chaperone network
controls the heat shock response in E-coli. Genes Dev 18:2812—
2821

Guisbert E, Yura T, Rhodius VA, et al. (2008) Convergence of molecular,
modeling, and systems approaches for an understanding of the
Escherichia coli heat shock response. Microbiol Mol Biol Rev 72:
545-554

Haldenwang WG (1995) The sigma factors of Bacillus subtilis. Microbiol
Rev 59:1-30

Haldenwang WG, Losick R (1979) A modified RNA polymerase tran-
scribes a cloned gene under sporulation control in Bacillus subtilis.
Nature 282:256-260

Hecker M, Pane-Farre J, Volker U (2007) SigB-dependent general stress
response in Bacillus subtilis and related gram-positive bacteria.
Annu Rev Microbiol 61:215-236

Helmann JD (2002) The extracytoplasmic function (ECF) sigma factors.
Adv Microb Physiol 46:47-110

Herman C, Thévenet D, D’Ari R, et al. (1995) Degradation of 6>, the
heat shock regulator in Escherichia coli, is governed by HfIB. Proc
Natl Acad Sci U S A 92:3516-3520

Homuth G, Masuda S, Mogk A, et al. (1997) The dnaK operon of
Bacillus subtilis is heptacistronic. J Bacteriol 179:1153-1164

Hopwood DA (1999) Forty years of genetics with Streptomyces: from
in vivo through in vitro to in silico. Microbiology 145(Pt 9):2183—
2202

Hyyryldinen HL, Bolhuis A, Darmon E, et al. (2001) A novel two-
component regulatory system in Bacillus subtilis for the survival
of severe secretion stress. Mol Microbiol 41:1159-1172

Kanehara K, Ito K, Akiyama Y (2002) YaeL (EcfE) activates the ot
pathway of stress response through a site-2 cleavage of anti-o*,
RseA. Genes Dev 16:2147-2155

Kanehara K, Ito K, Akiyama K (2003) YaeL proteoylsis of RseA is
controlled by the PDZ domain of YaeL and a Gln-rich region of
RseA. EMBO J 22:6389-6398

Kanemori M, Nishihara K, Yanagi H, et al. (1997) Synergistic roles of
Hs1VU and other ATP-dependent proteases in controlling in vivo
turnover of ¢°2 and abnormal proteins in Escherichia coli. J
Bacteriol 179:7219-7225

Kazmierczak MJ, Wiedmann M, Boor KJ (2005) Alternative sigma fac-
tors and their roles in bacterial virulence. Microbiol Mol Biol Rev
69:527-543

Kirstein J, Ziihlke D, Gerth U, et al. (2005) A tyrosine kinase and its
activator control the activity of the CtsR heat shock repressor in
Bacillus subtilis. EMBO J 24:3435-3445

Kirstein J, Dougan DA, Gerth U, et al. (2007) The tyrosine kinase McsB
is a regulated adaptor protein for ClpCP. EMBO J 26:2061-2070

Krobitsch S, Lindquist S (2000) Aggregation of huntingtin in yeast varies
with the length of the polyglutamine expansion and the expression
of chaperone proteins. Proc Natl Acad Sci U S A 97:1589-1594

Kriiger E, Msadek T, Hecker M (1996) Alternate promoters direct stress-
induced transcription of the Bacillus subtilis clpC operon. Mol
Microbiol 20:713-724

Kriiger E, Msadek T, Ohlmeier S, et al. (1997) The Bacillus subtilis clpC
operon encodes DNA repair and competence proteins.
Microbiology 143:1309-1316

Kriiger E, Ziihlke D, Witt E, et al. (2001) Clp-mediated proteolysis in
gram-positive bacteria is autoregulated by the stability of a repressor.
EMBO J 20:852-863

Li M, Wong S-L (1992) Cloning and characterization of the groESL
operon from Bacillus subtilis. ] Bacteriol 174:3981-3992

Liberek K, Galitski TP, Zylicz M, et al. (1992) The DnaK chaperone
modulates the heat shock response of Escherichia coli by binding
to the 0> transcription factor. Proc Natl Acad Sci U S A 89:3516—
3520

Lim B, Miyazaki R, Neher S, et al. (2013) Heat shock transcription factor
sigma(32) co-opts the signal recognition particle to regulate protein
homeostasis in £. coli. PLoS Biol 11:¢1001735

Lima S, Guo MS, Chaba R, et al. (2013) Dual molecular signals mediate
the bacterial response to outer-membrane stress. Science 340:837—
841

Marles-Wright J, Lewis RJ (2007) Stress responses of bacteria. Curr Opin
Struct Biol 17:755-760

Mecsas J, Rouviere PE, Erickson JW, et al. (1993) The activity of oF, an
Escherichia coli heat-inducible o- factor, is modulated by expres-
sion of outer membrane proteins. Genes Dev 7:2618-2628

Micevski D, Dougan DA (2013) Proteolytic regulation of stress response
pathways in Escherichia coli. Subcell Biochem 66:105-128

Miethke M, Hecker M, Gerth U (2006) Involvement of Bacillus subtilis
CIpE in CtsR degradation and protein quality control. J Bacteriol
188:4610-4619

Missiakas D, Mayer MP, Lemaire M, et al. (1997) Modulation of the
Escherichia coli 6° (RpoE) heat- shock transcription-factor activity
by the RseA, RseB and RseC proteins. Mol Microbiol 24:355-371

Miyazaki R, Yura T, Suzuki T, et al. (2016) A novel SRP recognition
sequence in the homeostatic control region of heat shock transcrip-
tion factor 0°2. Sci Rep 6:24147

Mogk A, Homuth G, Scholz C, et al. (1997) The GroE chaperonin ma-
chine is a major modulator of the CIRCE heat shock regulon of
Bacillus subtilis. EMBO J 16:4579-4590

Nadezhdin EV, Brody MS, Price CW (2011) An /3 hydrolase and
associated Per-ARNT-Sim domain comprise a bipartite sensing
module coupled with diverse output domains. PLoS One 6:¢25418

Nannapaneni P, Hertwig F, Depke M, et al. (2012) Defining the structure
of the general stress regulon of Bacillus subtilis using targeted mi-
croarray analysis and random forest classification. Microbiology
158:696-707

Nicolas P, Mader U, Dervyn E, et al. (2012) Condition-dependent tran-
scriptome reveals high-level regulatory architecture in Bacillus
subtilis. Science 335:1103-1106

Noone D, Botella E, Butler C, et al. (2012) Signal perception by the
secretion stress-responsive CssRS two-component system in
Bacillus subtilis. ] Bacteriol 194:1800-1814

@ Springer



968

W. Schumann

Noone D, Howell A, Devine KM (2000) Expression of ykdA, encoding a
Bacillus subtilis homologue of HtrA, is heat shock inducible and
negatively autoregulated. J Bacteriol 182:1592—-1599

Prosseda G, Falconi M, Giangrossi M, et al. (2004) The virF promoter in
Shigella: more than just a curved DNA stretch. Mol Microbiol 51:
523-537

Righetti F, Narberhaus F (2014) How to find RNA thermometers. Front
Cell Infect Microbiol 4:132

Ritossa F (1962) A new puffing pattern induced by temperature shock
and DNP in Drosophila. Experientia 18:571-573

Ritossa F (1996) Discovery of the heat shock response. Cell Stress
Chaperones 1:97-98

Roncarati D, Danielli A, Scarlato V (2014) The HrcA repressor is the
thermosensor of the heat-shock regulatory circuit in the human path-
ogen Helicobacter pylori. Mol Microbiol 92:910-920

Schmidt A, Schiesswohl M, Vélker U, et al. (1992) Cloning, sequencing,
mapping, and transcriptional analysis of the groESL operon from
Bacillus subtilis. J Bacteriol 174:3993-3999

Schulz A, Schumann W (1996) hrcA, the first gene of the Bacillus subtilis
dnaK operon encodes a negative regulator of class I heat-shock
genes. J Bacteriol 178:1088-1093

Schulz A, Schwab S, Versteeg S, et al. (1997) The htpG gene of Bacillus
subtilis belongs to class III heat shock genes and is under negative
control. J Bacteriol 179:3103-3109

Schumann W (1996) Regulation of the heat shock response in
Escherichia coli and Bacillus subtilis. J Biosci 21:133-148

Schumann W (2003) The Bacillus subtilis heat shock stimulon. Cell
Stress Chaperones 8:207-217

Schumann W (2012) Thermosensor systems in eubacteria. Adv Exp Med
Biol 739:1-16

Schumann W, Hecker M, Msadek T (2002) Regulation and function of
heat-inducible genes in Bacillus subtilis. In: Sonenshein AL, Hoch
JA, Losick R (eds) Bacillus subtilis and its closest relatives: from
genes to cells. American Society for Microbiology, Washington, D.
C, pp. 359-368

Servant P, Mazodier P (1995) Characterization of Streptomyces albus 18-
kilodalton heat shock- responsive protein. J Bacteriol 177:2998—
3003

@ Springer

Servant P, Mazodier P (1996) Heat induction of 4sp /8 gene expression in
Streptomyces albus G: transcriptional and posttranscriptional regu-
lation. J Bacteriol 178:7031-7036

Sobczyk A, Bellier A, Viala J, et al. (2002) The /on gene, encoding an
ATP-dependent protease, is a novel member of the HAIR/HspR
stress-response regulon in actinomycetes. Microbiology 148:1931—
1937

Sonenshein AL, Hoch JA, Losick R (2002) Bacillus subtilis and its clos-
est relatives: from genes to cells. ASM Press, Washington, DC

Straus DB, Walter WA, Gross CA (1987) The heat-shock response of
E. coli is regulated by changes in the concentration of o°°. Nature
329:348-351

Tissieres A, Mitchell HK, Tracy VM (1974) Protein synthesis in salivary
glands of Drosophila melanogaster: relation to chromosome puffs. J
Mol Biol 84:389-398

Tomoyasu T, Gamer J, Bukau B, et al. (1995) Escherichia coli FtsH is a
membrane-bound, ATP- dependent protease which degrades the
heat-shock transcription factor o°2. EMBO J 14:2551-2560

Walsh NP, Alba BM, Bose B, et al. (2003) OMP peptide signals initiate
the envelope-stress response by activating DegS protease via relief
of inhibition mediated by its PDZ domain. Cell 113:61-71

Westers H, Westers L, Darmon E, et al. (2006) The CssRS two-
component regulatory system controls a general secretion stress re-
sponse in Bacillus subtilis. FEBS J 273:3816-3827

Wetzstein M, Volker U, Dedio J, et al. (1992) Cloning, sequencing, and
molecular analysis of the dnaK locus from Bacillus subtilis. J
Bacteriol 174:3300-3310

Xu X, Niu'Y, Liang K, et al. (2015) Heat shock transcription factor o2is
targeted for degradation via an ubiquitin-like protein ThiS in
Escherichia coli. Biochem Biophys Res Commun 459:240-245

Yura T (1996) Regulation and conservation of the heat-shock transcrip-
tion factor o°2. Genes Cells 1:277-284

Zuber U, Schumann W (1994) CIRCE, a novel heat shock element in-
volved in regulation of heat shock operon dnaK of Bacillus subtilis.
J Bacteriol 176:1359-1363



	Regulation of bacterial heat shock stimulons
	Abstract
	Introduction
	The heat shock response
	Regulation of the heat shock response
	The E.�coli heat shock stimulon
	The sigma-32 heat shock regulon
	The sigma-E heat shock regulon
	The Bacillus subtilis heat shock stimulon
	The HrcA regulon
	The SigB regulon
	The CtsR regulon
	The CssRS regulon
	The Streptomyces heat shock stimulon
	The HrcA regulon
	The RheA regulon
	The HspR regulon
	Concluding remarks
	References


