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Regulation of the heat shock response in bacteria has been studied extensively in Escherichia coli where 
heat shock genes are classified into three classes and where each class is regulated by a different alternate 
sigma factor. Bacillus subtifis serves as a second model bacterium to study regulation of the heat shock 
response in detail. Here, four classes of heat shock genes have been described so far where two are controlled 
by two different repressor proteins and the third by the alternate sigma factor o B. Class I heat shock genes 
consists of two operons, the heptacistronic dnaK and the bicistronic groE operon. Transcription of the dnaK 
operon is complex involving two promoters, premature termination of transcription, mRNA processing and 
different stabilities of the processed transcripts to ensure the appropriate amounts of heat shock proteins 
under different growth conditions. The translation product of the hrcA gene, the first gene of the dnaK 
operon, binds to an operator designated CIRCE element, and its activity is modulated by the GroE chaperonin 
system. We assume that the HrcA protein, upon de novo synthesis and upon dissociation from its operator, 
is present in an inactive form and has to be activated by the GroE chaperonin system resulting in an 
HrcA-GroE reaction cycle. Induction of class I heat shock genes occurs by the appearance of denatured 
proteins within the cytoplasm which titrate the GroE system. This results in accumulation of inactive HrcA 
repressor and thereby in induction of class I heat shock genes. Upon removal of the non-native proteins 
from the cytoplasm, the GroE chaperonin will interact with HrcA and promote folding into its active 
conformation resulting in turning off of class I heat shock genes. This mechanism ensures adequate adjustment 
of  class I heat shock proteins depending on their aGtual need. 

1. Introduction 

The heat shock response involves the transient increased 
production of a set of proteins designated heat shock 
proteins (Hsps). It occurs in all organisms studied so 
far upon thermal upshock or exposure to other stress 
factors which will lead to the accumulation of denatured 
proteins. Most Hsps act either as molecular chaperones 
or as proteases which protect the cells from stress-induced 
damage by preventing denaturation of cellular proteins, 
reactivating once-inactivated proteins, and regulating the 
degradation of irreversibly denatured proteins (Parsell 
and Lindquist 1993). Expression of all heat shock genes 
is controlled at the level of transcription by an heat 
shock factor which is either an alternate sigma factor 

or a repressor in prokaryotes or a transcriptional activator 
in eukaryotes. The activity of the heat shock factor is 
modulated by one or more Hsps through direct protein- 
protein interaction. 

The best-studied prokaryotic system is the Gram- 
negative bacterium Escherichia coli where three classes 
of heat shock genes are regulated by three different 
alternate sigma factors (for a recent review, see Missiakas 
et al 1996). Besides alternate sigma factors, the HrcA 
repressor is another important heat shock factor which has 
been discovered in the Gram-positive bacterium Bacillus 
subtilis. In this article, we will shortly review regulation 
of the three classes of heat shock genes in E. coil followed 
by a detailed description of the dnaK operon transcription 
and of the modulation of the t-IrcA activity. 
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2. The E. coli heat shock stimulon 

In E. coli three classes of heat shock genes, two major 
and one minor class, have been described which are all 
positively controlled at the transcriptional level by three 
different alternative sigma factors thereby constituting 
two regulons and one operon designated the heat shock 
stimulon (table 1; Missiakas et al 1996). The two major 
classes are induced upon accumulation of denatured 
proteins in either the cytoplasm or in the periplasm. 
Class I heat shock genes are under the control of d 2 
and form the largest heat shock regulon of E. coli with 
some 35 members also called the sigma-32 regulon. The 
activity of o 32 is modulated by the DnaK chaperone 
machine (Garner et al 1992; Liberek et al 1992; Liberek 
and Georgopoulos 1993). A detailed description of the 
regulation of the genes of this regulon is presented by 
Nakahigashi et al I998. 

Class II heat shock genes form the sigma-E regulon, 
and this regulon is induced when non-native proteins 
accumulate within the periplasm. There are several possi- 
bilities how denatured proteins might be formed: (i) 
severe heat stress (> 45~ (ii) overproduction of outer 
membrane proteins; (iii) mutations in genes whose prod- 
ucts act as protein folding catalysts, e.g., surA encoding 
a PPIase (Rouvi~re and Gross 1996). Under physiological 
conditions, o ~ is sequestered by an anti-sigma factor 
which is an integral inner membrane protein. Upon 
accumulation of denatured proteins within the periplasm, 
o ~ is released from its anti-sigma factor, interacts with 
the RNA polymerase core enzyme and directs expression 
of about ten genes of the sigma-E regulon. Shut-off 

occurs upon removal of the non-native proteins from the 
periplasm and rebinding of o e to the anti-sigma factor. 
Two additional proteins are invoIved in these reactions, 
but their roles during the modulation of the activities 
of o ~ and its anti-sigma fcator are not well understood 
(Missiakas et al 1997; De Las Pefias et al 1997). 

As already mentioned, class III heat shock genes 
consist of only one single operon, the psp operon (for 
a recent review, see Model et al t997). This operon 
has been identified as being induced after infection with 
phages containing single-stranded DNA such as M13 or 
fd. Later, it could be shown that production of gent  IV 
protein encoded by these phages is sufficient to induce 
this operon (psp stands for phage shock protein), which 
is under the positive control by o ~4. Under physiological 
conditions, expression of this operon is prevented at the 
level of transcription by PspA acting as a repressor. 

3. The B. subtilis heat shock stimulon 

In B. subtilis, four different classes of heat shock genes 
have been described so far (table 2). While those of 
class i and IIl are under negative control by two different 
repressors, class II heat shock genes are positively con- 
trolled by the alternate sigma-factor o ~. All those heat 
shock genes which neither belong to class I, nor to class 
II or III have been classified into class IV. Class IV 
genes are expressed from the vegetative promoter Pa, 
and htpG might be under negative control by a third 
repressor which is still unknown (Schulz et al 1997). 
This review will report in detail on the regulation of 
class I heat shock genes. 

Table 1. The E. coil heat shock stimulon consists of three 
classes of heat shock genes which are regulated by three 

different alternate sigma factors. 

4, Transcriptional organization of  the dnaK and 
groE operons 

Sigma Number of heat 
Class factor Modulator shock genes 

I ~z  DnaK chaperone Some 35 
machine 

II o a (o a4) Anti-sigma factor About I0 

III o 54 ? pspABCDE 

Class I heat shock genes are composed of nine genes 
organized in two operons, the dnaK and the groE operon, 
forming the CIRCE regulon. Both operons are preceded 
by vegetative promoters PA folIowed by a perfect 9 bp 
inverted repeat which has been designated CIRCE element 
and functions as an operator (Zuber and Schumann 1994). 
Under physiological conditions, expression of both 
operons is partially repressed due to the product of the 

Table 2. The B. subtitis heat shock stimulon consists of at least four different classes of heat shock genes which are 
regulated by different mechanisms. 

Regulatory 
Class Promoter(s) Regulation type sequence ModuIator Heat shock genes 

I PA Repressor: HrcA CIRCE GroE chaperonin dnaK, groE operons 
II PB Sigma-B Promoter Anti-sigma factor 50-100 genes 
Ii1 Pa or/and PB Repressor: CtsR CtsR box ? clpP 
IV Pa Repressor? ? ? clpX, lonA, fonB, htpG, ftsH, sigW, htrA, ahpC 
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:Figure 1. Transcriptional orgunizaion of the d~;aK opemn of 
B. subtifis. Transcription of the heptacistronic dnaK operon 
starts at two different promoters, designated Pc and P, as 
indicated by the arrows; the thickness of the arrows is indicative 
of the relative amount of the different transcripts. Most of the 
transcripts initiated at Pc will be terminated at a potential 
,o-independent terminator located between dnaK and dnaJ (stem- 
loop structure 2); these transcripts will be processed at a site 
located between hrcA and grpE (stem-loop structure 1). The 
stem-loop structures 3 through 5 indicate potential degradation 
sites, 2 a processing site and 6 another putative p-independent 
terminator. 

first gone of the dnaK operon, the HrcA protein, which 
binds to the CIRCE element. Consequently, initiation of 
transcription at the promoters upstream of the dnaK and 
groE operons is partially prevented (Yuan and Wong 
1995a, b; Schulz and Schumann 1996; Mogk et al 1997). 

The groE operon consists of the two genes groES and 
groEL, encoding the Hsp60 chaperonin and its HspI0 
co-chapero~in, respectively; both genes are transcribed 
as a bicistronie mRNA (Schmidt et al 1992). The dnaK 
operon is heptacistronic and contains the genes hrcA, 
grpE, dnaK, dnc~[, oil35, off28, and o~f50 (figure 1). 
While genes grpE, dnaK and dnaJ code for the DnaK 
chaperone machine, the functions of the three distal 
genes are unknown. Knock-outs in these three latter 
genes neither evoke a temperature-sensitive phenotype 
nor do they influence the regulation of the heat shock 
response of the CIRCE reguIon (Homuth et al 1997). 

5. Transcription of the dnaK operon 

Transcription of the dnaK operon is rather complex. The 
operon specifies three primary transcripts of 8.0, 3.6 and 
4.3 kb. Two of these mRNAs (8.0 and 3-6 kb) are pro- 
cessed leading to processing products o f  7.0, 1.0 and 
2.6 kb. The amount of primary transcripts and processing 
products within the cells differs before and after thermal 
upshoek. In addition, the stability of  the different mRNA 
species varies considerably (figure I; Homuth et al 1997; 
our unpublished results). The strongly heat-inducible 
3.6 kb primary transcript initiated at the CIRCE-controlled 
promoter in front of hrcA is terminated at a potential 

p-independent terminator structure located between dnaK 
and dnaJ. This transcript is highly unstable, and its 
processing leads to the formation of two products of 
1.0 and 2-6 kb. Furthermore, the CIRCE element located 
near the 5' end of this mRNA decreases the stability of 
the transcript as published first for the groE mRNA 
(Yuan and Wong 1995a,b). Our analyses of  the dnaK 
transcripts confirmed their results. The bicistronie 2.6 kb 
dnaK-grpE processing product exists within the cells in 
large amounts already at physiological temperatures and 
is only weakly induced after a heat shock. This obser- 
vation can be explained by the fact that the processing 
event taking place between hrcA and grpE occurs with 
a constant, but low rate. The bicistronic 2.6 kb grpE-dnaK 
processing product represents the most stable mRNA 
species of the whole dnaK operon (our unpublished 
results). The monocistronic 1.0 kb hrcA processing prod- 
uct is present within the cell in only smaIl amounts 
before heat shock and is strongly induced afterwards. 
This induction can be expIained by enhanced novel 
mRNA synthesis and, in addition, by a transient stabi- 
lization of this highly unstable processing product (un- 
published results). 

Partial readthrough at the terminator structure between 
dnaK and dnaJ leads to the appearance of two large 
mRNA species where the 7.0 kb mRNA molecule rep- 
resents the processed form of the 8-0 kb primary transcript 
(figure i). Both mRNAs are highly unstable, independent 
of the CIRCE element and most probably due to 
endoribonuclease-recognition sites near three potential 
secondary structures as shown in figure 1 (stem-loop 
structures designated 3, 4 and 5). While the transcripts 
initiated upstream of the CIRCE-controlled o a promoter 
are heat-inducible, the second on-dependent promoter 
upstream of the four distal genes is constitutive (Homuth 
et al 1997). 

The functional consequences of this transcriptional 
organization for expression of the different genes of the 
dnaK operon can be summarized as follows: Under 
physiological conditions, the hrcA gone is expressed at 
a low level being consistent with its function as a 
repressor. After thermal upshock, this gone is strongly 
induced; quantitative slot-blot analyses revealed an 
induction factor of 10-11 for the hrcA mRNA (figure 2) 
which is accompanied by a concomitant increase in the 
amount of HrcA protein by a factor of about ten (Mogk 
et al 1997). Enhanced amounts of HrcA are needed for 
switch-off of the heat shock response. The DnaK and 
GrpE proteins being components of the DnaK chaperone 
machine are present in large amounts already under 
physioIogical conditions; this is ensured by the appearance 
of the stable 2.6 kb processing product. After heat shock, 
the total amount of drinK- and grpE-specifie mRNA 
increases by a factor of six. The Dna/prote in  represents 
the third component of the DnaK chaperone system. But 
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Figure 2. Schematic repmscnlatitm of the changc.~ ill mI,~NA level t~l tim 7 Ncnc~ uf the dnaK operon belbre (0 rain) and at 
different times after (5, 10, 15, and 30 min) heat shock from 37 to 48~ Luminographs of slot-blot experiments were quantified 
with the WinCam software version 2-1 of Cybertech, Berlin, Germany. 

in comparison to DnaK, it is needed in 3-fold lower 
amounts. This molar ratio is fine-tuned by partial 
termination between dnaK and dnaJ and by low stability 
of the dnaJ-encoding rnRNA species; the dnaJ mRNA 
is 3-fold heat-induced. The three genes downstream of 
dnaJ are induced in a way similar to dnaJ (figure 2). 

6. The GroE chaperonin machine modulates the 
activity of the HrcA repressor 

Class I heat shock genes are under the negative control 
by a transcriptional repressor encoded by the hrcA gene, the 
first gene of the dnaK operon (figure 1). That hrcA codes 
for the repressor has been first shown by Yuan and Wong 
(1995). They screened for mutations affecting regulation 
of the groE operon and mapped them in hrcA. Furthermore, 
they could demonstrate that crude extracts prepared from 
an E. coli strain overproducing I-IrcA were able to spe- 
cifically retard the mobility of a DNA fragment containing 
the operator, the CIRCE element. At about the same time, 
Schulz and Schumann (1996) could show that hrcA encodes 
a negative regulator of class I heat shock genes. 

Transcriptional analysis of the class I operons indicated 
that their basal level is increased immediately after 
thermal shock. To allow a transient high level of 
expression of the two operons, the repressor must dis- 
sociate from its operator and be prevented from re- 
binding for at least 5 min. How is HrcA transiently 
kept in an inactive form? In E. coli and also in lower 
and higher eukaryotes it has been shown that non-native 
proteins formed after thermal upshoek constitute the 
inducing signal. Therefore, we assume that in B. subtilis, 
too, preventing the repressor from binding to its operator 
is the consequence of accumulation of denatured proteins 
within the cytoplasm. Will these non-native proteins 
directly interact with Urea  thereby promoting its disso- 
ciation and keeping it in an inactive form or will they 
rather act in an indirect way? As mentioned above, in 
E. coli non-native proteins within the cytoplasm are 
recognized by the DnaK chaperone system. Therefore, 
we first asked whether in B. subtil~s this system is also 
involved. We isolated knock-outs in grpE, dnaK, and 
dnaJ and tested them for their influence on the regulation 
of class I heat shock genes. It turned out that neither 
the basal level nor the induction behaviour in these three 
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Figure 3. The HrcA-GroEL reaction cycle. We assume that 
newly synthesized HrcA polypeptide chains have to interact 
with the GroE system to gain their active conformation allowing 
them to bind to their operator. Upon dissociation from its 
operator, HrcA is present in an inactive form and has to bind 
to GroEL first to become reactivated. 

mutant strains was altered. This clearly ruled out any 
influence of the B. subtitis DnaK chaperone system on 
the regulation of the dnaK and groE operons (Mogk et 
al 1997). 

Since the groE operon is also part of the CIRCE 
regulon, we next asked whether the GroE chaperonin 
system might be involved in modulating the activity of 
HrcA. Since neither groES nor groEL can be inactivated 
(both genes are essential; Li and Wong 1992), we 
replaced its own promoter by a controlable promoter 
thereby aI~owing depletion of both proteins upon removal 
of the inducer (Mogk et al I997). To easily monitor 
expression of the dnaK and groE operons, transcriptional 
fusions were constructed between either the promoter 
region of dnaK or groE and the reporter gone bgaB 
which codes for a heat-stable fl-galactosidase. These 
operon fusions were crossed separately into the B. subtitis 
strain carrying the groE operen under the controIable 
promoter. It turned out that upon depletion for the GroE 
proteins, both the dnaK and the groE operons were 
already expressed at physiological temperatures at a level 
exceeding that in the wild-type strain after heat induction 
(Mogk et al 1997). These data suggested to us that 
GroE acts as a modulator of the CIRCE regulon. To 
confirm these results we reasoned that overproduction 
of GroE proteins should affect expression of the class 
I operons adversely. The groEL gene was, cloned in a 
high-copy-number plasmid under the control of an IPTG- 
inducible promoter, and expression of the dnaK operon 
was followed in the absence and in the presence of 
IPTG using the two transcriptional fusions. While a 
normal heat shock response was seen in the absence of 
IPTG, both the basal and the heat-induced level were 
severely reduced in the presence of IPTG (Mogk et al 
1997). 

To prove that HrcA interacts with its operator, we 
overproduced the protein in E. cell where it formed 
inclusion bodies. These inclusion bodies could only be 
dissolved in the presence of a chaotropic agent such as 
guanidinium hydrochloride or urea. Upon removal of the 
chaotropic agent either by dilution or by dialysis, the 
HrcA protein aggregated spontaneously. Therefore, it was 
almost impossible to obtain a bandshift between HrcA 
and a DNA fragment carrying the CIRCE element. Since 
GroEL seems to modulate the activity of HrcA (the roIe 
of GroES is not clear at the moment), we assumed a 
physical interaction between GroEL and UreA. Therefore, 
we asked whether purified GroEL could prevent aggre- 
gation of HreA. Indeed, upon dilution of  HrcA from a 
high concentration of guanidinium hydrochloride into a 
chaotropic agent-free buffer, addition of GroEL in 
stoichiometric amounts largely prevented the formation 
of aggregates, This finding prompted us to test whether 
GroEL would also help to increase the amount of retarded 
DNA in a gel mobility shift assay. Indeed, the amount 
of retarded DNA was enhanced from 1 to 12% upon 
addition of GroEL (Mogk et al I997). We concluded 
from these in vitro experiments that there is a physical 
interaction between HrcA and GroEL. 

7. The HrcA-GroEL reaction cycle 

The in rive experiments revealed that after depletion of 
GroE proteins, high amounts of HrcA represser accu- 
mulated within the cells, but the represser was unable 
to interact with its operator to achieve repression. The 
in vitro experiments have demonstrated that GroEL pre- 
vents HrcA from forming aggregates and might in addition 
be invoIved in correct folding of  the represser, In the 
light of these results, the following scenario can be 
proposed for the molecular mechanism underlying the 
modulation of the HrcA activity. Whether the represser 
binds as a dimer as shown in figure 3 is not yet known, 
but the structure of the operator consisting of two inverted 
repeats separated by a 9 bp spacer suggests binding as 
a dimer (or higher oligomer) where both monomers are 
on the same phase of the helix. Upon de hove synthesis, 
HrcA has to interact with GroEL to adopt its active 
conformation enabling it to dimerize and to bind to its 
operator. Upon dissociation, HrcA is unable to rebind 
to the CIRCE element, it needs activation through GroEL 
first. This model easily explains how the heat shock 
response is regulated at the molecular level. After thermal 
upshock, the amount of non-native proteins suddenly 
increases, thereby titrating GroEL which is, therefore, 
unable to reactivate HrcA. This model also explains why 
in the absence of GroEL, large amounts of inactive HrcA 
protein accumulate within the cells. Furthermore, it is 
postulated that the relative activity of HrcA is modulated 
by the GroE system in response to the amount of 
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Mt V .... DLDDVLRRAVRLLAQLTRQVAWQYSTLSTSTVRHLEVIALTPA/~LLMVVITDSGRVD~RIVELGDVIDDHQ ....... LAQLREILGQALEGKKLSASSVAVADLA$~LGGAG = 
Sa N--QYDVSSALTYFADELSNISQYTTLVVHPNKKQDIINNVKLIRANPNLVIMVIVF$$GKVEKVKLASDIPFSNDK ....... LNTISNF~TNKLT--EFNQNLQDD~VSFV~SEQEE[ 
Sal V .... DLDDWARTVRLLAHVTRQVAWQYPSLTRSTVRHVELLSMAP~VLITDTGRVE~RMIDCPAPFGESS ....... VADLPJ%RLNSQVAGRR~ADVPQLVQDLPESFESEDR 
Sm A---FRLGDLLQRASDVLANLTGYTALILDVEPKKQRLTTFDiVKLSNHDALAVLTLDEASPVTVQFAIPKNFLDSD ....... LMTVAKIARERFLNQTVLDiHYRLRTEp~QIIQKYF 
Syn N---WHFEALIQRMGQILAGLSGY~ALITFPQT~TvQLR~LQLMLLPSHQ[L~ILVTDSY~THSATLDLPAAMEAKEEGELEQELAIFSNFLNAQL~GKNL~ELSHLNW~E~DQKFsIYA 

(B) 
At MLAQDLVERGLAIWAGDNEEGKL~RLIVRGRSNLLEGLAGEEDIDRVRMLEDDLERKEN~LIEILNLAE ....................... SGsGVRIFIGSENKLF$---LSGSSLIV 

BJ QLTQKVISAGIASWSGGENED--RQLIVRGHANLLEDLHALEDLERVRLLFDDLETKRG~VIDLLGBAE ....................... TAEGVRIFIGSENKLF$---LSGSSTII 

Bs K~YDMILDALRSTFHSTNHVE---KLFFGGKINMLNQPE-FKDITRVRSLLSLIEKEQD~VLKLVQSP ........................ HT-GXSIKIGKENDYEE--~MENCSLIT 

Bst ~YDSML~TIVETLDIP-QEE--~FFASKTNMLNQ~E-FNDIQKIRPLMK~IEQ~KD-~YBLLRKHN ....................... ~K-~I~VTIGRENQLSE---MENCSLIT 

Ca HIFDCIMPNLYDILREADSTE .... VYKZGTMNIFNYPE-FKD[NKAKE?LSV!DDRR--IDDTL~AS ....................... G--GVTVNIGNENSIKE---ARDFSWS 

Cc KTAA~V~DGLAAWSGGE~DA--RSDIVRC-~DLADAKA~EDIDRVRQL~DDLKQKGQ-DI~LLDDV~ ....................... DAEGVRIYIGAETRLFS---LNGSSVIA 

Ct ZVVVRYLTRYCHFSEE~ ........ ~YQT~LSR~LKYET-FKDPNTLAQGLAFFENRK--~SMCQLLNT~L ...................... EKBTPTA~IGRELTDIVGNTDPSCAVs 

Hp --LKRLEYSNTQXTR~N .......... LMGLKTLLNSPL .......... FF~LGGKV---LERLSKG .............................. LHFIEP .......... DCMLVT 

Li EDFIRI~DLiSsAMT~DNSEVT---LYIDGFK~LYANF~DEE--QQLSQVLSLLDDQGF-LKAFFSEu ....................... DQDGVFTIIGKDG-DR$---MSGVSIIT 

L1 KVTSNVI~L~ES~DDL~KEH .... LTVAGHKNIFDYATDNLA--NLYKLFSnDERMLH-EIR~ITNND ....................... E--MRAVKFDND~-EKF---MKNLTIIS 

Mg EYQYVXD~LFKS~DLDQZEAN---KKIYGIQYLAKQPE-FANQEKLTKILNDLEDTSV-WQQMA~INQ ....................... TNQKTNIVFGDQLGFK ...... EISVAS 

IMp EYQYV~DEIL~KL~NFEEF~QAR--KQVYGIHYLAQQPE-FANQERLTRILNLLEDTSV-WQQMAFMNQ ....................... NNQTTN!TFGDKLGLEG---E-EVSVAS 

Mt ---GLGDAVGRAATVEHTEER---LLLG-GTA~LTRNAADFG--GSLRSILEALEEQW-VLNLLQ~EA ....................... G~KVTVRIGHETASEQ---MVGTSMV$ 

S~ F~NKLINTMNNHISNQS--NS .... IYMGGKVKLIDALN-ESNVSSIQPILQY~ESNR--IAELLQDIS ....................... SP-NINVKIGNEIDDS .... LSDISIVT 

sa! PTVSTVLSTLLETLVEETEER-~-LMIG-NTANLTRFGHDEP--LTIRPi~LEALEEQW-LLKLLGF~kK ....................... DS-AMTVRIGHENAHEG---LSSTSWS 

Sm PRTDNVLDLFDHIFNPIFQEE .... VFiSSKIKTLEEAG--L---DTYQFLENLQSVAL-EIRQSLPED ....................... E--LKRVQVA~SK-EKS---LADLTVIS 

Syn DFLKGLQQQIKPLLQRR~GP .... LVVK~VSKVIQQPE-FSQLEQvQMLLSLLEQEQDKLFSLLFDPDNYGDNLANLGQEMNbDTGETMPNTRPVVTIRIGAE~PL~---MHPCTLVS 

At ~Y ~DE ENRWC~AVGVI ~PTRLN~ARIVPMVDYTAQI MARLSRKQR ....................................... 

Bj 5 P YKDAAGH IVGVLGVI GPT RLN~ARVI P TVDYAARIVS RLLGG ......................................... 

Bs AZYSVDQK-QI GS IAI IGPTRMNY5 RWSLLQHVTSDLSKALTSLYDE ..................................... 

Bst ATYS I GDE-QLGTIAI LGPTBMEMS RVITILNRVASDL~iALTKWYQNG .................................... 

Ca SVYKYN GR- P LGT I GI I GPTRI PY S KVI KVIMEVVDQ~NNNL D~4NS .................................... 

Cc AgYMT GRQKVLGAI GVI GPARLNYARVI PLVDYTARVLGB~4DG ......................................... 

Ct I PYYM~DRT- PLGTF~/LGP~LP~QVFGTDSLFTERLKVILTQS FYKFKLS FRRPCPTDPRCSQRPAELTRS S S IKLLPAKELS 

Hp RPVEFQNK- - P~M~LLCVGKLECDY~GYFQT I S EEE .................. = ............................... 

Li SNYKMGEK- }~I GALG I I GP QRMUMNRALP LVD FTS KLVS EMVTRI S K ...................................... 

Ll QKFVI PYR- G FGTLTWGPVEMDMQRT LSVLDLVAKVLTMKLS DYYRYLD GNHYEI S K ........................... 

Mg TLINTT SE-AKHQLAIVS P T RMDYQNI KALLTTLKEEI E KYDKKI HNQT .................................... 

IMp TLINTTN E- S KHQLAIV~-PT RM DYQKVKALLLTLKEEI E EYDKQLHGGKTT S S Tr .............................. 

Mt TAyGTAHT -VYGGMSWSP TRMDM PGTIASVAAVALYI GDVL ........................................... 

Sa $ Qlq~ FDET -LKG~IA%rIGP TAMH MQNVI QL LN RIW .................................................. 

Sal VGYG S S BE -AVAK L GWGPT RM D Y ~ GTMGAVRAVARYVGQI LAES ........................................ 

Sm qK~L[PYR-GFGI LTVIGPVDLDYQRTI SLINVI S RVLAVKLGDFYRYLNSNHYEV~ ............................ 

Syn AI YRQQEI - PMGSVS I LGPT RMVYQQT I PLVEQAAECLS EAL S KM ........................................ 
* e 

Figure 4. Alignment of HmA amino acid sequences from 17 different bacterial species. Invariant amino acid residues are given 
in bold letters and marked by a star underneath the alignment whereas conserved residues are marked by a dot. At, Agrobacterium 
tumefaeiens; Bj, Bradyrhizobium japonieum; Bs, Bacillus subtilis; Bst, Bacillus stearothermophilus; Ca, CIostridium acetobutyticum; 
Cc, Caulobaeter crescentus; Ct, Chfamydia trachomatis; Hp, Helicobacter pytori; Li, Leptospira interrogans; L1, Lactococcus 
lactus; Mg, Mycoptasma genitalium; Mp, Mycoptasma pneumoniae; Mr, Mycobaeterium tuberculosis; Sa, Staphylococcus aureus; 
Sal, Streptomyces atbus; Sin, Streptococcus mutans; Syn, Synechocystis Pcc6g03. 
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denatured proteins accumulating within the intracelIular 
compartment. 

8. The HrcA-CIRCE mechanism is not specific 
for B. subtilis 

As already outlined above, the CIRCE element has been 
described in more than 30 different bacterial species so 
far implying that all these species also inherit the hrcA 
gone (Hocker et al 1996; Schumann 1996). Therefore, 
the HreA-CIRCE mechanism seems to be more wide- 
spread than the sigma-32 mechanism. Most interestingly, 
there seem to be bacterial species which encode both 
mechanisms, and where that occurs, the dnaK operon is 
under o a~- control, while the groE operon is either only 
controlled by HrcA-CIRCE or in addition preceded by 
a oa2-type promoter, thereby ensuring negative auto- 
regulation in both cases. 

This regulation mechanism also allows specific induc- 
tion of the groE operon when enhanced amounts of 
GroES and GroEL are needed. One example is Rhodo- 
bacter sphaeroides which contains two groE operons 
where groESL is preceded by a CIRCE element (Lee 
et at 1997). GroES and GroEL synthesis parallels the 
regulated production of ribulose-l,5-bisphosphate car- 
boxylase (RubisCO) under different growth conditions, 
suggesting important links among ehaperonin synthesis, 
RubisCO control, and RubisCO function (Terlesky and 
Tabita 1991). We would like to suggest that in all those 
bacterial species where the groE operon is controlled 
by CIRCE and HrcA, it is needed for the assembly of 
some protein complex such as RubisCO in photosynthetic 
bacteria. 

9, Conclusions and future work 

In B. subritis four classes of heat shock genes have been 
described to be regulated by different mechanisms. Class I 
genes consist of the dnaK and groE operons which 
constitute the CIRCE regulon. Both operons are regulated 
at the transcriptional level by the HrcA represser which 
binds to the CIRCE. element located in both operons 
between the transcriptional and translational start sites. 
The activity of the HI'CA protein is modulated in a still 
unknown way by the GroE chaperonin system, and 
induction of the CIRCE regulon occurs by titration of 
the GroE system interacting with non-native proteins. 
Future work will concentrate on two different aspects: 
to elucidate (i) the domain structure of  HrcA and (ii) 
the molecular mechanism of" interaction between the 
GroEL and HrcA. To date, the p~imary sequence of 
HrcA from I7 different bacteria[ species is known. 
Alignment of the  amino acid sequence of these proteins 
revealed about 20% identical and a further 10% similar 
amino acid residues bringing the overall similarity to 

about 30% which is rather low for proteins of identical 
function. But all proteins contain two regions of increased 
similarity, one near the N-, the other near the C-terminus, 
designated box A and box B, respectively (Schulz et al 
1995; see figure 4). Whereas box A exhibits similarity 
with a region within the DeeR family of  DNA-binding 
proteins and might contain the DNA-binding motif (M 
Rudolph, unpublished results), box B might represent 
the multimerization domain. Experiments are in progress 
to introduce point mutations in both boxes by sequence- 
specific mutagenesis and to analyse the phenotype of 
these mutants. 

Acknowledgments  

We are indebted to K Nakahigashi and T Yura, F 
Narberhaus and P Mazodier for communicating their 
unpublished amino acid sequences of  the HrcA proteins 
encoded by Agrobacterium tumefaciens, Bradyrhizobium 
japonicum and Streptomyces albus, respectively. The 
financial travel assistance of the German Ministry of 
Research to WS to attend the Workshop in Varanasi on 
"Molecular Biology of Stress responses" is gratefully 
acknowledged. Financial support for the work carried 
out in the laboratory is provided by the Deutsche 
Forschungsgemeinschaft and the Fends tier Chemischen 
Industrie. 

References 

De Las Pefias A, Connolly L, Gross C A t997 The o~-mediated 
response to extracytoplasmic stress in Escherichia cell is 
transduced by RseA and RseB, two negative regulators of 
az; MoL Micobiol. 24 373-385 

Garner 1, Bujard H and Bukau B i992 Physical interactions 
between heat shock proteins DnaK, DnaJ, and GrpE and the 
bacterial heat shock transcription factor o32; Cell 69 833- 
842 

Hocker M, Schumann W and Vdlker U 1996 Heat-shock and 
general stress response in Bacillus subtitis; Mot. Microbiot. 
19 417-428 

Homuth G, Masuda S, Mogk A, Kobayashi Y and Schumann 
W 1997 The dnaK operon of Bacillus subtilis is heptacistroaic; 
J. Bacteriol. 179 1153-1164 

Lee W T, Terlesky K C and Tabita F R 1997 Cloning and 
characterization of two groESL operons of Rhodobacter 
sphaeroides: Transcriptional regulation of the heat-induced 
groESL operon; J. BacterioL 179 487--495 

Li M and Wong S-L 1992 Cloning and characterization of the 
groESL operon from Bacillus subtilis; J. Bacteriot. 174 3981- 
3992 

Liberek K, Galitski T P, Zylicz M and Georgopoulos C 1992 
The DnaK chaperone modulates the heat shock response of 
Escherichia cell by binding to the o ~ transcription factor; 
Prec. Natl. Acad. Sci. USA 89 3516-3520 

Libemk K and Georgopoulos C t993 Autoregufation of the 
Escherichia coli heat shock response by the DnaK and DnaJ 
heat shock proteins; Prec. Natl. Acad. Sci USA 90 11019- 
1 I023 

Missiakas D, Raina S and Georgopoulos C 1996 Heat shock 
mguIation; in Regulation of gone expression in Escheriehia 



422 Wolfgang Schumann, Georg Homuth and Axel Mogk 

cell (eds) E C C Lin and A S Lynch (London: Chapman 
and Hall) pp 481-502 

Missiakas D, Mayer M P, Lemaire M, Georgopoulos C and 
Raina S 1997 Modulation of the Escherichia coil o ~ (RpoE) 
heat-shock transcription-factor activity by the RseA, RseB and 
RseC proteins; Mol. Microbiof. 24 355-371 

Model P, Jovanovic G and Dworkin J 1997 The Escherichia 
coil phage-shock-protein (psp) operon; Mof. Microbiot. 24 
255-261 

Mogk A, Hayward R and Schumann W 1996 integrative vectors 
for constructing single-copy transcriptional fusions between 
Bacillus subtilis promoters and various reporter genes encoding 
heat-stable enzymes; Gene 182 33-36 

Mogk A, Homuth G, Scholz C, Kim L. Schmid F X and 
Schumann W 1997 The GroE chaperonin machine is a major 
modulator of the CIRCE heat shock regulon of Bacillus 
subtilis; EMBO J. 16 4579--4590 

Nakahigashi K, Kanemori M, Mofita M, Yanagi H and Yura 
2 T 1998 Conserved function and regulation of o e homologues 

in Gram-negative bacteria; s Biosci. 23 407-414 
Parse]l D A and Lindquist S 1993 The function of heat-shock 

proteins in stress-tolerance: degradation and reactivation of 
damaged proteins; Annu. Rev. Genet. 27 437--496 

Rouvi~re P E and Gross C A 1996 SarA, a periplasmic protein 
with peptidyi-protyl isomerase activity, participates in the 
assembly of outer membrane porins; Genes Dev. I0 3170-3182 

Sehmidt A, Schiesswohl M, VNker U, Hecker M and Schumann 
W 1992 Cloning, sequencing, mapping, and transcriptionnl 

analysis of the groESL operon from Bacillus subtilis; s 
BacterioL 17,1 3993-3999 

Schulz A, Tzschaschel B and Schumann W 1995 Isolation and 
analysis of mutants of the dnaK operon of Bacillus subtitis; 
MoL MicrobioL 15 421--429 

Schulz A, Schwab S, Homuth G, Versteeg S and Schumann W 
1997 The htpG gene of Bacillus subtitis belongs to class III 
heat shock genes and is under negative control; J. BacterioL 
10 3103-3109 

Sehulz A and Schumann W 1996 hrcA, the first gene of  the 
Bacillus subtitis dnaK operon encodes a negative regtdator of  
class I heat-shock genes; J. Bacteriol. 178 1088-1093 

Schumann W 1996 Regulation of the heat shock response in 
Escherichia coil and Bacillus subtifis; s Biosci. 2I 133-148 

Terlesky K C and Tabita F R 1991 Purification and charac- 
terization of the chaperonin 10 and chaperonin 60 proteins 
from Rhodobacter sphaeroides; Biochemistry 30 8181-8186 

Yuan 13 and Wong S-L 1995a lsoIation and characterization of 
Bacilltxs subtilis regulatory mutants: evidence for err39 in the 
dnaK operon as a represser gene in regulating the expression 
of beth groE and dnaK; J. Bacteriof. 177 6462-6468 

Yuan 0 and Wong S-L 1995b Regulation o fgroE  expression 
in Bacillus subtilis: the involvement of the o32-1ike promoter 
and the roles of the inverted repeat sequence (CIRCE); J. 
BacterioL I77 5427-54-33 

Zuber U and Schumann W 1994 CIRCE, a novel heat shock 
element invoIved in regulation of heat shock operon dnaK of 
Bacillus subtifis; J. BacterioL 176 I359-1363 


