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(11), thus transcription of the heat shock genes is con-
Transcriptional startpoints of the two heat inducible trolled via the level and activity of s32 (12).

chaperonin genes of Synechocystis PCC 6803 were In the past few years a different type of regulation
mapped within the conservative CIRCE element and has been emerged in other prokaryotes. Many bacteriaproved to be identical irrespective of the temperature

contain a highly conserved inverted repeat (designatedtreatment. Finding of an ORF encoding for a potential
as CIRCE (13)) in the upstream region of their groESLCIRCE binding repressor (HrcA) further suggests that
and dnaK genes (14). This element may serve as aboth groEL-analogs are regulated in a CIRCE-depen-
binding site for the repressor encoded by hrcA (alsodent manner. In contrast to the expectations, the chap-
referred to as orfA) (15). Disruption of hrcA resulted ineronin twins are differentially expressed under light–
a high level of constitutive expression of dnaK and groEdark transition during heat stress. Not the light per
operons at physiological temperature in Bacillus subti-se, but rather the photosynthetic electron transport
lis (16) and in Caulobacter crescentus, where the effectappears to be accountable for the regulatory differ-
was dependent on the presence of an intact CIRCEences. Our findings support the hypothesis that multi-

ple chaperonins play different physiological roles un- element (17). Apparently, this type of transcriptional
der stress conditions. q 1997 Academic Press regulation seems to be more widespread than antici-

pated and as far as we know CIRCE is the most con-
served regulatory sequence found in eubacteria (14).

A rather complex transcriptional regulatory mecha-Chaperonins—a subclass of molecular chaperones—,
nism has been described for Bradyrhizobium japoni-belong to the most conserved proteins known (1) and
cum containing five homologues of groESL genes. Thehave been shown to facilitate the folding of numerous
activation of the groESL3 operon was shown to be medi-polypeptides (for a review, see (2)). They could also
ated by the nitrogen fixation regulatory protein, NifAprovide protection against different environmental
together with the RNA polymerase containing s54 (18).stresses (3). Given their ability to interact with wide
Regulation by the CIRCE element applies to groESL4variety of nonnative proteins, the presence of more
and probably to groESL5 whereas the expression ofthan one copies of the groEL-analog genes described
groESL1 seems to be controlled via s32 (8). Furtherin several bacteria (4-8) is somewhat unexpected. The
broadening the spectrum of the possible regulatoryexistence of multiple chaperonins might indicate, that
mechanisms, post-transcriptional regulation of thethey accomplish different cellular functions.
groEL1 gene was reported for Streptomyces albus, con-Transcriptional regulation of the heat shock genes
taining two groEL-homologues (19).are best characterized in Escherichia coli, where an

Similarly to higher plants (20), two chaperonin genesalternative sigma factor, s32, takes a prominent part
have been identified in the widely used photosyntheticin the activation of these genes including the groESL
model system, Synechocystis PCC 6803: a groESL op-operon (9-10). This sigma factor is required for recogni-
eron (21), and an additional groEL homologue, cpn60tion of specific HS promoters by the RNA polymerase
(22) without the adjacent groES. Both chaperonin
genes contain the highly conservative CIRCE element

1 Correspondence address: László Vigh, Institute of Biochemistry, in their upstream regions (23). We have previously doc-
Biological Research Center, H-6701 Szeged, PO Box 521, Hungary. umented that different regulatory pathways must beE-mail: vigh@everx.szbk.u-szeged.hu.

involved in the activation of chaperonin and dnaKAbbreviations: HS, heat shock; DCMU, 3*,4*-dichlorophenyl-1,1-
dimethylurea; nt, nucleotide(s). genes in Synechocystis (23). The present report points

0006-291X/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.

291

AID BBRC 7463 / 693a$$1121 09-22-97 09:25:05 bbrcg AP: BBRC



Vol. 239, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

to the specific differences existing in the regulation of
the two chaperonin genes in Synechocystis and also
highlights the complexity of mechanisms involved in
their transcriptional control.

MATERIALS AND METHODS

Culture conditions. Synechocystis PCC 6803 cells were grown to
mid log phase at 30 7C in BG-11 medium at a constant photon flux
density of 70 mE m02s01 as previously described (24). Cells were
exposed to heat stress at designated temperatures for 30 min. For
dark incubations cultures were wrapped in aluminum foil. Diuron
(DCMU) was added to the cells at a concentration of 15 mM 20 min
before the incubation at 42 7C.

RNA isolation. Total RNA was purified by guanidine thiocyanate
method using reagents of the RNAgents kit (Promega) excluding TE
and DS solutions. After different treatments 30 ml of cells were
cooled below 47C in liquid nitrogen and collected by centrifugation
(80001 g, 4 7C). Cells were resuspended in ice cold TE (10 mM TRIS-
HCl, 1mM EDTA, pH 8) and transferred to Eppendorf tubes. After FIG. 1. Effect of heat stress on the level of chaperonin mRNAs.
centrifugation (10 000 1 g, 4 7C, 2 min) 400 ml chloroform and 400 Cells were incubated at temperatures indicated above and the ex-
ml of glass beads (0.1 mm, Braun) were added in DS (0.1% SDS, tracted total RNA were subjected to Northern analysis using groESL
0.125% Triton X-100, 0.25% sarcosyl). Following vortexing for 1 min, (A) and cpn60 (B) specific probes (upper panels). Hybridizations with
400 ml of denaturing solution was added and cells were disrupted by rRNA were used as loading controls (lower panels).
additional vortexing for 211 min. After centrifugation (see above)
total RNA was extracted according to the manufacturer’s (Promega)
directions.

blot analysis (Fig. 1) Hybridization with groES-specific
Northern blot analysis. Five micrograms of RNA were run on probe revealed that the groESL mRNA level increased

1% agarose gel containing 6% formaldehyde and blotted onto nylon gradually up to 44 7C (Fig. 1A). At 46 7C, shorter hy-membrane (ZetaProbe, BioRad). DNA probes specific for groESL
bridizable bands appeared whereas at 48 7C the level(ranging from position 1053 to 1396; accession number D12677) and
of the groESL transcript decreased dramatically. Thecpn60 (1800-2495; J05707) genes were generated as described pre-

viously (21). Fragments were radiolabeled using Multiprime DNA expression pattern of the cpn60 gene proved to be very
labeling kit (Amersham). Hybridization, washing and stripping were similar to that of groESL except that the amount of
performed as recommended by the manufacturer of ZetaProbe. Hy- the intact cpn60 transcript was significantly reducedbridizations with the 0.7 kb HindIII fragment of plasmid pAN4

at 46 7C and disappeared at 48 7C. (Fig. 1B). The pres-(kindly provided by M. Sugiura) containing the ribosomal RNA genes
of Anacystis nidulans served as loading control (25). ence of shorter mRNA species can be explained by ei-

ther degradation or early termination. However,Primer extension. Synthetic oligonucleotides C1 (5*AGTAGA-
rehybridizations with rRNA probe indicates, that noAACATTAATGGAAAT3 *) and C2 (5*TGGATTCATCCTTAAAGG-
‘‘general’’ RNA degradation occurred at higher temper-AA3 *) were used to determine the transcriptional startpoint of the

groESL (C1) and cpn60 (C2) genes. Primers were labeled with T4 atures.
polynucleotide kinase (USB) as recommended by the manufacturer. Primer extension experiments were carried out to
Five pmol of labeled oligonucleotides were coprecipitated with 25mg identify the 5* end of both chaperonin transcripts. (Fig.of total RNA. After denaturation at 957C for 2 min, annealing were

2). A single startsite for groESL was found 74 nucleo-carried out at room temperature for 20 min. Extension reactions
were performed at 427C in a total volume of 15 ml containing 50mM tides (nt) upstream of the proposed translational start
Tris-HCl pH 8.3, 8mM MgCl2, 50 mM NaCl, 5mM DTT, 1mM each of codon tested upon normal and heat shock conditions,
dNTPs, 20U RNasin (Promega) and 12U AMV reverse transcriptase as well. (Fig. 2A). Similarly, the transcriptional
(USB). Reactions were stopped after 30 min, and loaded onto a stan-

startpoint of the cpn60 gene was localized at positiondard sequencing gel. Plasmids pESL (pUC18 containing the XmnI
073 irrespective of the temperature treatment (Fig.fragment of the groESL operon) and pCPN (pUC18 carrying the BclI-

KpnI fragment of the cpn60 gene) served for generating sequencing 2B). The above findings strongly suggest, that no addi-
ladders using primers C1 and C2, respectively. tional heat shock promoters are present in the up-

stream regions of the chaperonin genes. The 5* end of
both groESL and cpn60 transcripts is localized within

RESULTS the CIRCE element (Fig. 2), as found for the groESL
in Synechococcus PCC 7942 (26). If CIRCE really func-
tions as an operator, one might predict existence of theHeat shock regulation and determination of the 5*

end of the chaperonin genes. Total RNA of Synecho- corresponding hrcA analog in the genome of Synecho-
cystis. We performed a similarity search with the con-cystis cells cultured at 30 7C and exposed to different

temperatures was extracted and subjected to Northern served SSATIRN motif (17) of the HrcA proteins in
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kept in darkness (lane 2). Sublethal temperature stress
strongly enhanced the accumulation of both chaperonin
transcripts in light (lane 3), but no heat activation
could be observed without illumination (lane 4 vs. 3).
This specific condition disclosed, however, an im-
portant difference in the level of transcript accumula-
tion of chaperonin twins. Despite exposing cells to ther-
mal stress the amount of groESL mRNA detected re-
mained comparable to that of observed at 307C in light
(lane 1), whereas the cpn60 transcript was only barely
detectable. Obviously, 30 min duration of dark treat-
ment seemed to repress both chaperonin genes at
growth temperature (lane 5) to a similar degree as
found after 1 hour darkness (lane 2). Pretreatment at
307C without illumination (lane 6) caused no alteration
in the mRNA levels of groEL analogs when compared
to full light conditions (lane 1). The activation of the
chaperonin genes was remarkably different, when Sy-FIG. 2. Primer extension analysis of the groESL (A) and cpn60
nechocystis cells were preincubated in light, then heat(B) transcripts under normal (307C, lanes 1) and heat shock (42 7C,

lanes 2) conditions. The extension products were analyzed on a se- shocked in darkness (lane 7). While the level of cpn60
quencing gel. T, C, G, and A are products of the sequencing reactions mRNA declined, the groESL transcript showed signifi-
obtained by using the same oligonucleotides as primers. The depicted cant accumulation in the same sample (lane 7 vs. lanesequences represent the noncoding strands. The converging arrows

1). It is noted however, that both chaperonin genesmark CIRCE elements. Potential transcriptional startpoints are in-
produced elevated mRNA levels if compared to darkdicated by asterisks.
preincubated samples (lane 7 vs. lane 4). Dark pre-
treatment did not affect the heat induction of chaper-
onin genes in cells subjected to thermal stress underCyanobase (27) and explored that the predicted amino
illumination (lane 8).acid sequence of the ORF named as sll1670 displays

Effect of photosynthetic electron transport inhibitorhomology to other eubacterial HrcA proteins (Fig. 3).
DCMU on transcript levels of chaperonins. To testAnalysis of the aligned sequences verified the existence
whether the decline in the chaperonin mRNA levelsof regions of strong conservation both at the N-terminal
observed upon dark shift is causally linked to the oper-and a short stretch near the C-terminal end. From the
ation of intact photosynthesis the effect of DCMU hasresults obtained we conclude that CIRCE is involved
been tested. For this purpose Synechocytis cells werein the regulation of both chaperonin genes in Synecho-
heat shocked at 42 7C in the presence of 15 mM DCMUcystis PCC 6803.
in light. At the concentration applied diuron fully

Transcriptional regulation of groEL-type genes in re- blocked photosynthetic electron transport, assayed as
sponse to light–dark transitions under normal and heat O2 evolution (data not shown). Northern blot analysis
shock conditions. As it was pointed out before, pro- was in line with our previous findings which demon-
teins encoded by multiple chaperonin genes in Synecho- strated characteristic transcriptional differences for
cystis might fulfill physiologically distinct roles. If this the chaperonin analogs under dark conditions.
hypothesis is valid, one might predict, that groESL and Whereas DCMU resulted in only a slight decline in
cpn60 display altered expression pattern under differ- the heat induced transcript level of groESL (Fig. 5A),
ent circumstances. Under natural condition changes in hindrance of electron flow between PSII complex and
ambient temperature usually occur in combination the plastoquinone pool abolished the cpn60 activation
with alterations in light quality and irradiation, so we (Fig. 5B).
decided to analyze the expression of the chaperonin
genes under various light and thermal conditions. Sy- DISCUSSION
nechocystis cells were preincubated for 30 min at 307C
in light or dark then heat shocked at 42 7C or left at Northern blot analysis revealed that the two chaper-

onin genes are strongly heat inducible in Synechocystis307C either with or without illumination for an addi-
tional 30 min. After each treatments the expression of PCC 6803. Both mRNA levels increased gradually par-

allel with the temperature shift up to 44 7C but startedgroESL (Fig. 4A) and cpn60 (Fig. 4B) was followed by
Northern blot analysis. Both chaperonin genes were to decline at higher temperatures. It is noted, that

other cellular processes like PS II activity and de novotranscribed at 307C when cells were continuously illu-
minated (lane 1). In contrast neither cpn60 nor groESL protein synthesis were shown to be impaired at identi-

cal temperature range (28).mRNA could be detected at this temperature in cells
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FIG. 3. Comparison of HrcA proteins. Sequences are presented with one-letter amino acid code and identified by species codes. hrca_lacla:
Lactococcus lactis P4230; hrca_cloab: Clostridium acetobutylicum P30727; hrca_bacsu: Bacillus subtilis, P25499; hrca_syn: Synechocystis
PCC 6803). Sequences were aligned by using the GCG program package (Genetic Computer Group Inc., Wisconsin Package, Version 8,
1994).

In order to explore the mechanism of their heat in- Recent studies demonstrated that CIRCE might serve
as a binding site for the repressor protein HrcA andduced activation, 5* end mapping of the cpn60 and

groESL mRNAs were carried out. Primer extension ex- could be involved in negatively regulating the heat-
inducible transcription (15,17). Providing CIRCE playsperiments revealed, that the transcriptional start-

points of both genes are identical irrespective of the similar role in the regulation of chaperonin genes, it
would be expected, that an hrcA homologue is presenttemperature treatment (Fig. 2). These results clearly

suggest that -in contrast to E. coli-, the same promoters in the genome of Synechocystis PCC 6803. In fact, data-
base (27) searching uncovered the existence of a poten-direct the transcription of the chaperonin genes in Sy-

nechocystis under normal and heat shock conditions. tial CIRCE binding protein displaying remarkable ho-
mology to other HrcA analogues (Fig. 3) strongly sug-In addition, the first nucleotide of the mRNAs is located

within the highly conservative CIRCE element, simi- gesting, that CIRCE is implicated in the regulation of
both chaperonin genes.larly as it was shown for Synechococcus PCC 7942 (26).
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FIG. 4. Expression of the chaperonin genes under various thermal and light conditions. Prior to RNA isolation Synechocystis cells were
preincubated at 30 7C (30) in light (L) or dark (D) for 30 min, then shifted to 427C (42) or left at 307C (30) either in light (L) or in dark (D)
for additional 30 min. After hybridization with groESL specific probe (panel A), the filter was reprobed with radiolabelled cpn60 fragment
(panel B). The amount of loaded RNA was verified by rRNA hybridization (panel C).

In many eubacteria, hrcA was found to be a constit- was present. If darkness was imposed on cells only
during the heat exposure the groESL operon produceduent of a dnaK or dnaJ operon, containing CIRCE ele-

ment in their upstream regions (14, and references elevated mRNA level, but cpn60 remained to be much
less active. The very same result reflecting characteris-therein). This genetic arrangement should result in the

negative autoregulation of the repressor and the dnaK tic differences for the regulation of two groEL analogs
was obtained using photosynthesis inhibitor, DCMUfamily of molecular chaperones (15). Based on data ob-

tained from Cyanobase (27), neither dnaK nor other (Fig. 5). We conclude, that our findings cannot be at-
tributed solely to light regulation, but may also be re-heat shock genes are present in the surroundings of the

potential hrcA in Synechocystis PCC 6803. The nearest lated to the altered energy status of the cells. Data
are available that both the mRNA stability (29) andopen reading frame with the same orientation possibly

codes for shikimate kinase (27), and is located more transcriptional activation (30) can be controlled by the
photosynthetic electron transport in Synechocystisthan 300 nt downstream of the hrcA gene. Thus, it is

highly conceivable that the hrcA mRNA is monocis- PCC 6803. Obviously, further studies are required to
elucidate the regulatory cascade that -besides CIRCE-tronic (for comparison, the distance between groES and

groEL is 96 nt). Furthermore, no CIRCE sequence can modulates the induction and/or mRNA stability of the
chaperonin genes in Synechocystis PCC 6803.be identified in the upstream region of this gene.

Though the functional importance of this genetic ar- Recently, it was suggested that photosynthetic appa-
ratus has a dual function: it is able to transduce lightrangement is not yet known, one might speculate that

the regulation of hrcA (and therefore groESL and energy and also acts as a primary sensor of environ-
mental change through modulation of chloroplastic re-cpn60 as well) in Synechocystis PCC 6803 is different

from that seen in many other bacterial species (14 and dox signal (31). In line of this reasoning, the altered
expression of groESL and cpn60 genes under differentrefs. therein).

Since the CIRCE element is found in the 5* region light conditions might have functional significance. It
has been shown, that in many bacteria which areof both groEL- type genes, one would propose that their

heat shock activation proceeds through an identical known to have only a single copy of groESL operon,
the GroEL proteins have a glycine-methionin rich motifmechanism. In contrast, heat shock performed in dark-

ness explored a striking difference in the expression of at their C-terminal end. It appears, that in other pro-
karyotes which have two types of GroELs, the onethe two groEL-like genes. In algal cells, pretreated and

heat stressed in the dark, cpn60 mRNA was undetect- linked with GroES, does not have the conservative
GGM motif. This situation has been known in case ofable while a remarkable amount of groESL transcript
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during heat stress. The abundance of the mRNAs is
tightly controlled by the photosynthetic electron trans-
port. Complete characterization, including promoter
analysis and mutagenesis on the two Synechocystis
groEL-like genes will be necessary to disclose their ex-
act regulation and different physiological roles they
might play within this photosynthetic organism.
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DNA Res. 3, 109–136.and Vigh, L. (1996) in ‘‘Physical Stresses in Plants. Genes and

Their Products for Tolerance’’ (Grillo, S., and Leone, A., Eds.), 28. Lehel, Cs., Gombos, Z., Török, Zs., and Vigh, L. (1993) Plant.
Physiol. Biochem. 31, 81–88.pp. 21–29. Springer-Verlag, Berlin/Heidelberg.
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