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ABBREVIATIONS
ATP- adenosine triphosphate
BSA- bovine serum albumin
BA- benzyl alcohol
BM- bimoclomol
cAMP- cyclic adenosine monophosphate
cat- chroramphenicol acetyltransferase
cDPKs- calcium-dependent protein kinase
CDNB- chlorodinitrobenzen
CFAs- cyclopropane fatty acids
CL- cardiolipin
DEPC- pyrocarbonic acid diethyl ester
DNA- deoxyribonucleic acid
DPH- 1,6- dyphenyl- 1,-3,-5- hexatriene
DSC- differential scanning calorimetry
EDTA- ethylenediaminetetraacetic acid
ESR- electron spin resonance
FACS- flow cytometry
GFP- green fluorescent protein
GFPuv- GFP ultraviolet
GSR- general stress response
gus- β-glucoronidase
h- hour
HAMK- heat shock-activated MAPKs
HEPES- 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HSEs- heat shock elements
HSF1- heat shock transcription factor 1
Hsps- heat shock proteins
HSR- heat shock response
IOA- iodoacetate
kan- kanamycin
LB- Luria Bertrani medium
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LicB- lichinase (1,3-1,4- β-glucanase)
LMW- low molecular weight
LPS- lipopolysacharide
MALDI- matrix-assisted laser desorption/ionization mass spectrometry.
MAPKs- mitogene- activated protein kinases
MG- methylglyoxal
min- minutes
NPN- 1-N-phenylnaphthylamine
npt- neomycin phosphotransferase
NEM- N-ethylmaleimide
OD600- optical density at 600 nm
OMPLA- outer membrane phospholipase A
PAGE- polyacrylamide gel electrophoresis
PC/IAA- phenol chloroform isoamil alcohol
PCR- polymerase chain reaction
PBS- phosphate buffered saline
PE- phosphatidylethanolamine
PG- phosphatidylglycerol
PGAs, PGJs- cyclopentenoneprostaglandins
PI- propidium iodide
PNPD- ρ-Nitrophenylphosphate
RNA- ribonucleic acid
RNAP- RNA polymerase
SDS- sodium dodecyl sulfate
sec- seconds
sHsps- small heat shock proteins
TE- Tris-EDTA
Tm- fluid-gel phase transition temperature
Tris- Tris(hydroxymethyl)aminomethane
UP water- ultra purified water
WT-wild type
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Fatty acids

Chain length: unsuturation

(common name)
Miristic acid

14:0

Palmitic acid

16:0

Palmitoleic acid

16:1 (cis∆9)

Stearic acid

18:0

Cis-vaccenic acid

18:1 (cis∆11)

Cyclopropane heptadecanoic acid

cy17:0
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INTRODUCTION
Every organism has to cope with variety of stress conditions including physiochemical
factors such as heat shock and metabolically harmful substances. Escherichia coli (E. coli) is
a champion of evolutionary success; it grows in practically all ecological niches. A quick
adaptation to constantly changing environmental conditions occurs due to a rapid switch in
gene expression that is paralleled with adaptive changes in cell membranes. Changes in
membrane properties, such as fluidity, have been suggested to play a role in temperature
sensing by either directly influencing the activity of specific proteins or indirectly affecting
gene expression [1-4]. In response to temperature changes a specific set of evolutionary
conserved genes, the heat shock genes, are induced. However, the heat shock response (HSR)
is also elicited by other stresses (e.g. heavy metals and alcohol). Bacteria have evolved
transcriptional control mechanisms that regulate heat shock genes using a variety of elaborate
strategies, to tightly regulate cellular levels of heat shock proteins (Hsps) so as to ensure
maximal growth during stress [5]. Many Hsps in E.coli and other bacteria are molecular
chaperones (e.g. DnaK, GroEL and other cohorts) or ATP-dependent proteases (e.g. Lon,
ClpAB) that play major roles in protein folding, assembly, transport, repair and protein
turnover under both stress and non-stress conditions [5]. The HSR, although a general
phenomenon, varies among species and populations in several ways including the
temperature at which Hsp synthesis is induced, the level of each Hsp that accumulates in
cells, and the specific types of Hsps that are synthesized [6]. A large body of information
concerning the HSR exists but yet the key regulatory factor(s) responsible for thermosensing
and signal transduction have not been identified. Moreover, recent data suggest new insights
into the regulatory mechanisms of HSR regulation, thermotolerance and stress adaptation [7].
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AIMS
According to the homeostatic regulation model DnaK and DnaJ co-operatively inhibit the
activity of σ32, the heat shock promoter specific subunit of RNA polymerase. The induction
of the HSR in cells therefore relies on the sequestration of the DnaK/J system, which is
thought to occur through their binding to misfolded proteins that accumulate during stress.
An alternative, but not exclusive, view is that during abrupt temperature fluctuations
membranes represent one of the most thermally sensitive macromolecular structures, and as
such act as “cellular thermometers.” In this model, thermal stress is sensed and transduced
into a signal at the membrane level leading to the induction of heat shock genes. Several data
support the notion that changes in the physical state of biological membranes influence the
expression of heat shock as well as other genes. There is also evidence that the composition
of membrane lipids is altered during thermal acclimation to compensate for the
fluidizing/rigidifying effects resulting with changes in temperature. Such adaptive changes
allow the maintenance of the physical state of membranes and thereby their functionality.
Changes in membrane composition (phospholipids/fatty acids), membrane fluidity and phase
transition are thought to lead to a rapid induction of genes. These data strongly suggest that
membranes play an essential role in stress signalling and adaptation.
The major goal of this work was to correlate the physical properties of cell membranes to the
adaptation and resistance of microorganisms, namely the gram-negative bacterium E. coli, in
response to physical (heat) and chemical (benzyl alcohol) stress. The study aimed to elucidate
the common and differing elements of the stress response originating in cellular membranes
caused by external stress signals of a different nature (high temperature and membrane
fluidising agent), by observing overlapping changes at the membrane level. It is expected that
signals generated within the membranes might cause HSR and acquisition of cellular
thermotolerance in a similar manner independently from the nature of the membrane
perturber. Our studies, therefore, addressed the validity of the “membrane sensor” hypothesis
in E. coli, which was chosen as our model organism due to its simplicity and because it is
biochemically and genetically well characterized. The fact that E. coli possesses two
membranes also allowed us to investigate its different cellular compartments. A reporter
system was also developed to study the transcription of heat shock genes, including
heterologous promoter sequences of cyanobacterial heat shock genes recognized in an E. coli
host. Moreover, we examined whether these “foreign” promoters were still under membrane
fluidity control of the host. Ultimately, we aimed to test the role of the membranes in
8

determining the response of cells to physical (heat) and chemical (BA) stress and cellular
acquisition of thermotolerance.

1. THEORETICAL BACKGROUND
1.1. Heat shock response regulation in E. coli
The HSR is thought to be a cellular and homeostatic adjustment designed to cope with and
protect against stress-induced damage of proteins. It is induced by a large variety of stress
conditions. In E. coli, the heat shock response (HSR) to temperature upshift from 30 to 42°C
consists of a rapid, up to 20-fold, induction of more than 20 Hsps, followed by an adaptation
period where the rate of Hsp synthesis decreases to reach a new steady-state level [8, 9].
Most Hsps are also synthesized under non-stress conditions, albeit at reduced rates, and
research has shown that Hsps play fundamental roles in normal cell physiology in addition to
their activity under stress conditions [10]. Heat shock induces a wide variety of biological
processes, including inhibition of protein synthesis, elevated expression of Hsps and
induction of thermotolerance in a dose dependent manner. Proteome analysis identified 93
proteins that are phosphorylated in E. coli upon heat shock. These proteins include
chaperones, ion-channels, signalling molecules, proteins involved in transcription and
translation processes, in amino acid biosynthesis, oxidoreduction, energy metabolism, cell
motility and cell membrane structure. Changes in stress signalling pathways are achieved
mostly through the activation of protein-tyrosine kinases, however, the details of these
molecular events are not well defined [7].

1.2. Molecular chaperones and their role in heat shock response
Molecular chaperones are currently defined as a class of unrelated families of proteins that
mediate the correct assembly of other polypeptides but are not themselves components of the
final functional structure [11]. Following the discovery of the first chaperone, nucleoplasmin
[12], a nuclear protein that mediated the assembly of nucleosome cores, it was Ellis who
extended the term molecular chaperones to describe a wider range of macro-molecules
including RNA and phosphotidylethanolamine (PE) [11, 13].
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Molecular chaperones perform an essential role and function during many cellular processes
where changes in protein-protein interaction and the exposure of hydrophobic and/or charged
protein surfaces occur [14]. A sudden increase in the growth temperature results in the
unfolding of proteins, and hydrophobic amino acid residues normally buried within the
interior of the proteins become exposed. Via these hydrophobic residues, proteins can interact
and form aggregates that may become life threatening. Molecular chaperones bind to these
exposed hydrophobic residues to prevent the formation of protein aggregates. It has been
proposed that one role of molecular chaperones is to unscramble these aggregates [15].
Many, but not all, molecular chaperones are stress proteins that also function in the absence
of stress. For instance, chaperones of the Hsp70 (DnaK) family bind transiently to
polypeptides during their synthesis in vivo [16]. The number of currently recognized
chaperones is growing rapidly as their involvement in an increasing number of cellular
processes is appreciated [14]. It is now evident that chaperones are found in every cell
compartment where protein assembly occurs. Within the cell, a balance has to be found
between refolding of proteins and their proteolytic degradation, and molecular chaperones
play a key role in this “decision making”[17].

1.2.1. GroEL and DnaK are the major chaperone families
Hsps include the GroE and DnaK chaperone systems formed by GroEL and GroES, and
DnaK, DnaJ and GrpE, respectively. They constitute the two major chaperone systems of E.
coli as judged by their abundance (15-20% of total protein at 46°C) [18] and importance for
cell survival [9]. The best-characterized chaperone is the GroEL chaperonin of E.coli which
functions together with its co-chaperonin GroES in an ATP-dependent manner capturing and
refolding substrates in its enclosed cavity. Both GroEL and GroES are essential proteins at all
temperatures and play a major role in mediating protein folding. It was shown that in E.coli
GroEL interacted strongly with approximately 300 newly translated polypeptides of quite
broad functional diversity [19, 20]. Mutations in either gene product result in pleiotropic
effects in E. coli, including defective DNA and RNA synthesis, inability to support
bacteriophage growth, thermosensitive phenotype, block in cell division and a decrease in
overall proteolysis in the cell. Overproduction of GroEL and GroES has been shown to
suppress a number of temperature-sensitive mutants [21]. GroEL is a 60 kDa soluble protein,
found in the cytoplasm of prokaryotic cells, in mitochondria or plant chloroplasts. Abundant
membrane-associated pools of GroEL were revealed in E. coli, using immunogold cryothin10

section electron microscopy and has also been observed in many other organisms [22-25]. In
Synechocystis sp. PCC 6803 (further Synechocystis) two GroEL homologs [26, 27] are
distributed both in the cytosol and in the thylakoids [28]. Multiple chaperonins might play
different physiological roles under stress conditions since it was shown that they are
differently regulated under dark-light transition during heat stress [29]. The thermoprotection
induced by heat adaptation together with characteristic changes in the membrane physical
state seems to operate more effectively in the light than in the dark [67]. The association of E.
coli GroESL with model lipid membranes is governed by the composition and physical state
of the bilayer [30]. Both of the physiologically relevant chaperonin hetero-oligomers,
GroEL14GroES7 and GroEL14 (GroES7)2, are located predominantly on the surface of the lipid
bilayer. The GroEL-lipid association occurs almost exclusively in the liquid-crystalline
(“fluid”) state of the host model membrane and not in the gel state. It was suggested, that
GroEL-membrane association fulfills a dual role in the cell. First, it assists the folding of both
soluble and membrane-associated proteins and secondly, it has a rigidifying and therefore
stabilizing effect on lipid membranes during heat stress and therefore downregulating the
HSR [30].
Another ubiquitous and highly conserved group of molecular chaperones is the Hsp70 family.
Hsp70 function encompasses a wide variety of cellular processes, including protein
trafficking between cellular compartments, protein folding, and regulation of the HSR. The
bacterial member of Hsp70 group is the DnaK stress inducible protein. It cooperates with the
DnaJ and GrpE co-chaperones to form an ATP-dependent chaperone system involved in
central cellular processes including the prevention of aggregation and refolding of misfolded
proteins, degradation of unstable proteins, translocation of proteins, synthesis of DNA and
RNA and regulation of the HSR. E. coli DnaK is an abundant cytosolic protein accounting
for approximately 1% of the total cellular protein at 30oC and 2% at 42°C. Various forms of
stress, including temperature upshift, induce its expression. Mutations of the E. coli gene are
reflected in a temperature sensitive growth and defects in cell division, heat shock gene
regulation, proteolysis and replication of chromosomal and plasmid DNA [31]. It has been
established that DnaK forms a functional complex with the DnaJ and GrpE co-chaperones.
GrpE is essential for virtually all chaperone activities of the DnaK system [32]. The
presumed role of DnaJ is the stabilization of DnaK-substrate complex. Additionally, in cases
where DnaJ itself interacts with a protein substrate, it may target the substrate for binding to
DnaK [33].
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1.2.2. ATP-independent sHsps
Small Hsps (sHsps) are a diverse class of proteins that differ from other Hsp families because
only certain short sequence motifs are conserved. Characteristic features in common are their
low molecular mass (15-30 kDa), their quaternary structure (ranging from 9 to 50 subunits)
and their ATP-independent chaperone function [34]. The role of sHsps is to trap unfolding
proteins creating a reservoir of non-native protein for subsequent refolding under
physiological conditions. Refolding may occur in cooperation with other, ATP-dependent
chaperones [34].
Prokaryotic sHsps have been discovered as specific components of inclusion bodies
accumulating after expression of recombinant proteins in E. coli and have been termed IbpA
and IbpB. The genes encoding these proteins are organized in a common operon that is
controlled by a σ32 dependent promoter and additionally ibpB is controlled by σ54 [35]. sHsps
play an important role in intracellular protein aggregation, although they were shown to be
dispensable and their deletion resulted in only modest effects on growth and viability at high
temperature in E. coli [36]. However, over-expressing ibpA/B increases resistance to heat,
ethanol and oxidative stress [37]. An interesting finding regarding the sHsps was that a subset
of the 15-kDa Hsps of E. coli, recovering from sublethal heat stress, could interact with
membranes [38]. Later these proteins were identified as σ32 dependent IbpA and IbpB [37]
and are related to Synechocystis Hsp17, which interacts functionally with membranes both in
vivo and in vitro right after heat shock.
Vigh and co-workers also demonstrated the association of sHsp with the membrane. It was
shown that most of the newly synthesized Hsp17 of Synechocystis was associated with the
thylakoid membranes. Moreover, its transcription was strongly regulated by subtle changes in
the physical order of the membranes [4]. Direct evidence of the physiological relevance of
Hsp17 thylakoid association was presented by Lee and co-workers, who showed that Hsp
16.6 is involved in the development of the thermotolerance and thylakoid stability in the
unicellular cyanobacterium, Synechocystis [39]. There are also a number of reports on a
functionally relevant sHsp association with membranes in green organisms [40-42]. In
mammals increased membrane binding of the sHsp α-crystallin is an integral step in the
pathogenesis of many forms of cataracts [43]. HspB2, a new member of the sHsp family,
expressed in heart and skeletal muscle, was shown to associate with the outer membrane of
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the mitochondria [44]. Based on the above reports Vigh and co-workers hypothesize that a
subset of sHsps may play a role in the control of thermal stress by acting as lipid-interacting
membrane stabilizing-elements [45]. Their precise studies with Hsp17 in Synechocystis
support the hypothesis. DSC analysis revealed that even at an extremely low protein/lipid
molar ratio (1:2000) Hsp17 stabilizes the lamellar liquid-crystalline phase at the expense of
the non-lamellar lipid phase, HII, that is known to disrupt membranes under severe stress
[45]. It was also shown that the nature of sHsp and membrane interactions depends on the
lipid composition and extent of lipid unsaturation, and that sHsps can regulate membrane
fluidity [46]. Lipid specificity implies that the membrane binding of Hsps through a specific
Hsp/lipid interaction confines the location of the Hsps to one or more membrane lipid
domains. Vice versa, selective lipid interactions might also modify the oligomeric
organisation and other, yet unrevealed features of the Hsps. Thus, the association between
sHsps and membranes may constitute a general mechanism that preserves membrane
integrity during thermal fluctuations.
Cross protection of E. coli proteins from heat denaturation by plant class I low molecular
weight (LMW) Hsps, TLHS1, was demonstrated [47]. Similar results were obtained for the
rice 16.9-kDa class I LMW Hsp. This rice protein, when expressed in E. coli cells that do not
normally synthesize this class of Hsps, increases thermotolerance [48]. Unlike bacteria and
yeast, which synthesize only one or a few members of LMW Hsps, the abundance and
diversity of LMW Hsps are characteristic for mammalian cells and plants. This implies the
particularly important function of LMW Hsps in protecting plants from stress. Small Hsps are
up-regulated under the pathological conditions of variety of diseases. Recent developments in
research on sHsps demonstrate the potential importance of sHsps in human diseases,
including autoimmune disease, which highlights their role in the autoimmune response and
protection of proteins that contribute to the disease processes [49].

1.2.3. Other families of molecular chaperones
Hsp90 proteins constitute one of the most abundant and conserved Hsp families. Experiments
suggest that eukaryotic Hsp90 is a specific chaperone involved in regulating signal
transduction pathways by assisting structural changes of certain kinases and steroid receptors.
The bacterial homologue of Hsp90, HtpG, in E.coli encodes a heat-inducible, cytoplasmic
protein possessing chaperone activity. In all cases tested, its induction is under σ32 control.
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The gene, in E. coli, is non-essential, however, null mutations have a growth disadvantage at
37°C that increases with temperature, becoming severe around 46°C. Clp A, B, X, Y are
members of Hsp100 family of molecular chaperones possessing proteolytic activity and
participate either in the degradation of specific proteins and some abnormal proteins in an
ATP-dependent manner. ClpB together with DnaK is also involved in protein disaggregation.
In addition to the 5 major classes of Hsps described above, that are molecular chaperones
and/or proteases, the discovery of 26 new heat shock proteins in E.coli was possible due to
sensitive RNA hybridization techniques and the availability of an ordered sequenced library
of E. coli clones.

1.3. Transcriptional regulation of chaperone genes in bacteria
In E. coli it was first shown that the rpoH gene product, σ32, is directly responsible for the
regulation of the HSR [50]. Experiments have shown that both the induction and decline in
the synthesis of Hsps can be controlled by changes in the rate of σ32synthesis. σ32, the main
heat shock transcriptional subunit of the RNA polymerase II core enzyme, is an extremely
unstable protein with a half life of 20 sec following a 10 min shift from 30 to 42°C [51]. The
normal cellular concentration of σ32 is therefore very low under steady-state conditions at
30°C (10-30 copies/cell) and is limiting for heat shock gene transcription [52]. Induction of
the HSR is a consequence of a rapid increase in σ32 levels and stimulation of its activity while
a decline in σ32 levels and inhibition of its activity leads to a "shut-off" of the response. Such
a fast mode of σ32 regulations allows E. coli to respond rapidly to sudden changes in stress
and is controlled by a number of mechanisms. The first mechanism of regulation occurs at
the level of rpoH transcription. The regulatory region of rpoH contains four promoters. Three
(P1, P4, P5) are transcribed by Eσ70 [53], whereas one (P3) is transcribed by RNA
polymerase II containing a novel σ factor, σE (also known as σ24) (Fig. 1). The transcription
by σE at the P3 promoter seems to be particularly important as it becomes highly active under
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Fig. 1. The E. coli heat shock response. Transcription of the rpoH gene involves at least 4
promotors regulated by σ70 and σE. σ32 acts as a positive regulator directing RNA
polymerase core (RNAPcore) to the promoters of heat shock genes. The cellular
concentration of σ32 is very low and the heat shock response is therefore induced following
an increase in the cellular levels of σ32 primarily due to an increase in σ32 translation,
stabilization and, possibly, derepression of its activity. Adaptation is achieved through a
decrease in σ32 levels and repression of its activity. DnaK, DnaJ and GrpE act as negative
modulators by repressing rpoH-mRNA translation during the shut-off phase, by efficient
degradation of σ32 and repression of σ32 activity [57].

15

unusual conditions such as exposure to lethal temperature (50oC) at which σ70 (and perhaps
other σ factors) is inactivated [54]. The usage of each promoter depends on the severity of
stress [55], however, the regulation seems to be more complex. For example, upstream from
the P5 promoter, a functional binding site for Cpr and CytR exists, whereas DnaA negatively
controls the P3 and P4 promoters. These observations suggest that rpoH transcription is
regulated in response to various metabolic and environmental changes [56].
The second mechanism mediating stress-dependent changes in σ32 levels affects the
translation of rpoH mRNA. Normally repressed at steady-state conditions, the translation of
rpoH rapidly increases 12-fold following a 2-4 min temperature up-shift (30 to 42°C) until it
reaches a new steady-state level during the “shut-off” phase of the HSR. RpoH translational
control is mediated through a distinct mechanism involving three cis-acting elements of the
rpoH coding sequence, termed regions A, B and C [58]. Region A is a positive regulatory
element comprising the initiation codon and 20 nucleotides downstream. This region is
complementary to the 3' region of the 16S RNA and probably acts as a translational enhancer
[59]. Region B is a negative regulatory element located within nucleotides 110-247.
Extensive base pairing between regions A and B has been predicted and was substantiated by
mutational analysis [59]. The formation of this secondary structure is hypothesized to
mediate repression of rpoH translation at steady-state conditions, by preventing translation
initiation, due to the inaccessibility of the Shine-Delgarno sequence and initiation codon
resulting from the 2D structure of the mRNA. The thermal induction of translation results
from partial melting of the mRNA structure thus, enhancing the entry of the ribosome and
therefore translational initiation [59]. Region C is almost entirely conserved within σ32
homologous, but not within other sigma factors, and is therefore termed the RpoH box. This
box is a negative regulatory element located within nucleotides 364-433 of the rpoH coding
sequence and is involved in repression of rpoH translation during the “shut-off” phase of the
HSR. Peptide analysis has identified two potential DnaK binding sites central and peripheral
to region C. The latter is a prime candidate for a regulatory site within the σ32 protein, having
a high affinity for the binding of DnaK and possibly the FtsH protease responsible for its
degradation. However, no evidence was found that region C is involved in chaperone binding
and degradation by FtsH following modification of region C. A third mechanism mediating
stress-dependent changes in σ32 levels is that affecting its stability. Upon heat a 8-fold
increase in σ32 becomes transiently stabilized until the beginning of the “shut-off” phase of
the HSR, when σ32 loses its activity and stability. Eventually, σ32 is mainly degraded by
16

FtsH. FtsH, a 70 kDa membrane-bound AAA-type metalloprotease, has a central role in the
control of the σ32 levels which are almost completely stabilized in the absence of FtsH. The
DnaK chaperone system was also shown to be responsible for regulating the activity of σ32 in
vivo, since over-expression of DnaK/J in ftsH mutant cells reduced the activity of σ32 cells
without altering its levels. In addition, CbpA, an analogue of DnaJ, was shown to have
overlapping functions with DnaJ in regulating both the activity and the stability of σ32 [60]. In
eukaryotic cells, the human heat shock transcription factor (HSF1) is negatively regulated by
the Hsp70/Hdj1 chaperone machinery [61]. Thus, the negative control of the HSR by the
Hsp70 (DnaK) system seems to be conserved from bacteria to humans. However, further
studies are required to elucidate the function of the DnaK chaperone system in the stability of
σ32, since it is not yet clear how the DnaK chaperone system prevents the degradation of σ32
by FtsH. However, it is known that DnaK, DnaJ, or GrpE physically bind to σ32 interfering
with its ability to bind the core RNA polymerase (RNAP) and thus initiate transcription from
heat-shock promoters [5]. Since σ32 in complex with RNAP is resistant to degradation by
FtsH, one can speculate that the sole role of the Hsp70 family in the proteolytic process is to
relieve such protection. Such an apparent sequestration of σ32 by DnaK chaperone machinery
may increase the probability that σ32 reaches the membrane bound FtsH either by simple
diffusion or active transport [60]. The former model maintains the substrates in a
degradation-competent state but does not contribute to the recognition of the substrate by the
protease. The model is supported by results showing that the level of DnaK, DnaJ and GrpE
proteins does not influence the rate of FtsH-dependent σ32 proteolysis [62]. It has also been
reported that triple-deficient mutant cells lacking all known cytosolic ATP-dependent
proteases (Lon, Clp and HslVU) exhibit, like ftsH minus cells, marked stabilization of σ32
[63]. Consequently, it is likely that σ32 is degraded by cytosolic ATP-dependent proteases as
well as by FtsH, however, the relative degree to which these proteases contribute to the
degradation of σ32 remains unclear.
An interesting observation is that several Hsps, such as GroEL and DnaK, are produced in
σ32 mutants. For example, GroEL is present in rpoH null mutants, being transcribed from a
σ70-controlled promoter of the groE operon, but its synthesis is not inducible by a shift to
high temperature. In comparison, DnaK protein synthesis cannot be detected at low
temperature but can be induced after a shift to 42°C. The mechanism of this heat-inducible
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synthesis is not known but demonstrates that additional mechanisms control the synthesis of
some Hsps [64].
While positive regulation operates by the use of alternative sigma factors that target an RNA
polymerase to heat shock gene promoters, negative regulation is applied by repressordependent mechanisms. For such systems the transcription of heat shock genes is initiated
from classical housekeeping promoters and cis-acting DNA elements are used in concert with
a cognate repressor protein to limit transcription under physiological conditions. The most
widespread and best-understood repressor mechanism for heat induction is the CIRCE-HrcA
system that operates in eubacteria (Fig. 2, 3). The first inverted repeat was found upstream of
the groE genes of mycobacteria [65]. An almost identical inverted repeat was later observed
downstream of the transcription start sites of the Clostridium acetobutylicum groESL and

Fig. 2. Titration model for homeostatic control of chaperone expression. GroEL as
cellular thermometer in HrcA-controlled systems. Dotted arrows indicate protein-protein
interactions; (+) symbolizes activation and ( ) repression. The model is adapted from Babst
[66] and Mogk [67].
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dnaK operons and the B. subtilis groESL operon [68-70]. This element (consensus sequence
of TTAGCACTC-N9-GAGTGCTAA) is being found in a growing number of diverse
bacterial species. Currently, the elements have been observed in more than 70 operons of
some 40 eubacteria including gram-positive organisms, proteobacteria and cyanobacteria, but
not in E. coli. As it has been reported exclusively in association with groE or dnaK operons,
it has been named CIRCE (Controlling Inverted Repeat of Chaperone Expression) [71]. The
completed genome sequence of B. subtilis supports this designation because the inverted
repeat is indeed restricted to these two chaperone operons (SubtiList database). However, the
presence of a perfect CIRCE sequence upstream of the clpB and lon genes of Mycoplasma
genitalium (TIGR database) and the rpoH gene of Alcaligenes xylosoxydans (GenEMBL
accession no. AB009990) indicates that this element has a greater regulatory potential than

Fig. 3. DnaK titration in an HspR-controlled system. The model is based on results
obtained by G. Bucca, H-J. Schönfeld, and C. P. Smith (personal communication).
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expected. The current view for regulation at CIRCE sites is that the function of the repressor,
HrcA or HspR, is dependent on chaperone activity. Thus HrcA depends on GroEL activity to
attain an active conformation whereas HspR is DnaK dependent, thus providing negative
feedback regulation of these chaperones [57]. After heat shock the chaperones become
heavily engaged in refolding denatured protein, depleting their availability for folding the
repressors, which leads the activation of GroEL or DnaK.

1.4. Other means of regulating the heat shock response
In addition to using different σ factors for the RNA polymerase holoenzyme, transcription
can be regulated by temperature, via other mechanisms including temperature associated
structural changes (topological configurations) in DNA supercoling and protein-DNA
interactions. The thermal regulation of unsaturated fatty acid synthesis in Bacillus subtilis is
thought to be regulated by DNA supercoiling associated with a temperature decrease [72]. In
E. coli, the degree of supercoiling is determined by the competing actions of DNA gyrase,
which introduces negative superhelical turns via an ATP-dependent reaction, and
topoisomerase I, which relaxes DNA. It was shown that during heat shock, transcription
resulting from the σ32 dependent promoter of topoisomerase I encoded gene (topA) increases,
whereas the activities of the other topA promoters decrease. However, topoisomerase I is not
recognized as a Hsp because its total level is not altered significantly during heat shock [73].
Experiments with a topA mutant and gyrase inhibitors indicated that both DNA gyrase and
DNA topoisomerase I are involved in transient DNA relaxation induced by heat shock.
Following the transient relaxation, DNA is re-supercoiled through the action of DNA gyrase
stimulated by the heat shock protein DnaK [74]. The rapid relaxation that is at least partly a
result of topoisomerase I activity, may be critical for survival at high temperature since it is
believed to prevent hyper negative supercoiling and R-loop formation at heat shock genes
[75]. Other studies have shown that certain gyrA mutants have increased thermotolerance.
Inhibition of DNA gyrase may cause stabilization and increased synthesis of σ32 which
consequently induces Hsps [76].
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1.5 Temperature adaptation and the role of cellular membranes in the heat shock
response and stress tolerance

1.5.1. Biological membranes: structure and function
Cellular membranes are important biological assemblies. Gram-negative bacteria like E.coli
have two membranes, which differ in their composition and functionality (Fig. 4). Cell
membranes are sheet like structures, consisting mainly of proteins and lipids in the ratio from
1:4 to 4:1. They also contain carbohydrates that are linked to lipids and proteins. Proteins and
lipids are held together by many non-covalent interactions that are cooperative in character.
Due to the presence of hydrophilic and hydrophobic moieties, membrane lipids form closed
bimolecular sheets in aqueous media. These lipid bilayers are barriers to the flow of polar
molecules. In the case of E.coli, the number of individual phospholipid species ranges in the
hundreds. Such a broad spectrum of lipid mixtures provides the adaptability and flexibility in
membrane structure necessitated by the environment. Distinctive functions of membranes are
mediated by specific proteins, which are intercalated into lipid bilayers, which create a
suitable environment for the action of these proteins. Membrane proteins serve as pumps,
gates, receptors, energy transducers, and enzymes. Approximately 20-30% of all proteins are
integral membrane proteins, and probably half of the remaining proteins function at or near a
membrane surface. Therefore, the physical and chemical properties of the membrane directly
affect most cellular processes making the role of lipids dynamic with respect to cell function
rather than simply defining a static barrier [77]. According to the fluid mosaic Singer and
Nicolson model, lipid molecules diffuse rapidly in the plane of the membrane [78].
Membrane proteins are also free to diffuse laterally in the lipid matrix unless restricted by
special interactions, but are not free to rotate from one side of a membrane to the other.
Consequently, membranes are fluid structures [79] and membrane fluidity is a very important
property enabling all living organisms to adapt to a constantly changing environment.
Prokaryotes regulate the fluidity of their membranes by varying the number of double bonds
and the length of their phospholipid fatty acid acyl-chains. For example, the ratio of saturated
to unsaturated fatty acids in E.coli membranes decreases from 1.6 to 1.0 as the growth
temperature is lowered from 42° to 27°C. This decrease in the proportion of saturated
residues prevents the membrane from becoming too rigid at lower temperatures [80].
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Fig. 4. Structure of the cell wall and membrane in gram-negative bacteria [79].

1.5.2. Mechanisms of temperature compensation in membranes: importance of fatty
acids and membrane physical state.
A fundamental property of all living organisms is their ability to adapt to their environment.
In this respect, the organization of the membrane is of primary importance. It is generally
reported that the changes in membrane lipid composition enable organisms to maintain
membrane function in the face of environmental fluctuations, including temperature stress.
The temperature-induced variations in lipid composition are thought to be associated with the
regulation of liquid-crystalline to gel-phase transition. These changes maintain homeostatic
equilibrium and therefore, membrane functionality. The fluidity of the phospholipids depends
on the interaction energy of the hydrocarbon chains, which in turn is determined by their
structure and the actual temperature [81]. To date, it is well established that the liquid-like
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state of the lipid phase is required for proper membrane functioning. Changes in temperature
significantly alter the fluidity of membrane phospholipids, which is closely related to the heat
resistance of bacterial cells [82]. An appropriate fluidity state can be reached by maintaining
a proper ratio between unsaturated and saturated fatty acids in membranes. It was shown, that
the ratio of total unsaturated to total saturates decreased gradually during heat shock (30 →
45°C) and that 30 min after the temperature shift, the reduction was equivalent to 57% of the
difference between ratios corresponding to steady-state cultures at 30 and 45°C [30]. Thus,
the control of membrane fluidity during the HSR can be accounted for, at least in part, by an
important change in the fatty acid composition [83]. A coordinated study of membrane
fluidity using total membranes, obtained from cells grown in steady states at 30, 37, 42 and
45°C showed that, at constant assay temperature, the fluidity measured using
dipyrenylpropan decreased gradually with the increasing growth temperature and, as
expected, there was a clear modification of the fatty acid composition with temperature. The
main changes with increasing growth temperature were a decrease in cis-vaccenate
(18:1cis∆11) and an increase in the palmitic acid (16:0) proportions. There was also a slight
reduction in palmitoleic acid (16:1cis∆9), whereas myristic (14:0) and stearic (18:0) acid
levels showed only marginal modifications [84]. In yeast cells the increased level of
unsaturated fatty acids down-regulated both the HSR and the general stress response
pathways, leading to the hypothesis that membrane lipid modification, rather than protein
denaturation, is the major contributor to stress response initiation [85, 86]. A positive
correlation between membrane micro-viscosity (inverse of fluidity) and heat-killing
temperature has been shown using an E.coli unsaturated fatty acid requiring auxotroph [87].
The authors concluded that a decrease in membrane micro-viscosity with increasing growth
temperature is correlated with elevated saturated fatty acid content. It was established that
cells with greater membrane fluidity were killed following a shorter exposure to a lethal
temperature. It seems likely that membrane fluidity influences the thermal stability of certain
structure(s) or function(s) essential for survival under heat stress. Another investigation has
also demonstrated that the heat resistance of E. coli depended on the temperature of
incubation prior to heat treatment at 50°C and this dependence is related to the fluidity of
membrane lipids, which is basically determined by the membrane fatty acid composition
[82]. Thus, the heat resistance of cells may depend on the physicochemical state of the
membrane before heating. Sinensky measured the phase transition (fluid→gel) temperature
of membrane lipids in E.coli and estimated that it is usually 14 to 16°C lower than the growth
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temperature [88]. ESR analysis of E. coli purified cytoplasmic and outer membranes revealed
that growth temperature dramatically affected the lipid order to disorder transition in the
outer membrane, but not the cytoplasmic membrane.

1.5.3. Heat and other membrane perturbations reset the temperature threshold of heat
shock response
The stress-sensing systems leading to the cellular HSR and the mechanism(s) responsible for
its induction is (are) largely unknown. The classical view of the HSR is that stressing agents
cause the accumulation of denatured proteins in the cell with a resultant induction of the
genes responsible for Hsp production [89]. An alternative view is that the temperaturesensing mechanism(s) is (are) intimately associated with membrane structure and function.
This is supported by a number of early independent observations: plasma-membrane ATPase
activity affects Hsp synthesis in yeast [90], the activity of the lipid-modifying ∆9-desaturase
enzyme affects the temperature threshold of heat-shock gene expression in yeast, suggesting
that thermal stress is transduced into a cellular signal at the level of the membrane [2] and,
expression of several genes, influenced and/or controlled by the membrane's physical state,
was shown to be involved in the HSR [3]. In addition, sphingolipids are emerging as
bioactive signalling molecules involved in numerous aspects of the eukaryotic HSR [91].
These two views are not necessarily mutually exclusive but the precise mechanism
responsible for transducing stress signals into the intracellular message resulting in heat
shock transcription activation has yet to be elucidated. However, evidence is accumulating to
support a more complex system in which at least more than one signal is involved in this
process.
In addition to temperature, many drugs and other chemical agents alter membrane
composition and its physical properties. Ethanol, pentobarbital and chlorpromazine caused
significant changes in membrane lipid/fatty acid composition [92]. Most of them directly
affect membrane fluidity and cause changes that are analogous in many ways to those
induced by changes in environmental temperature. The propensity of biological membranes
to form non-bilayer structures such as inverted hexagonal HII and the more rare hexagonal HI
seems to be an important feature for proper membrane functioning. An important role of nonlamellar structures was shown in processes such as membrane fusion, cell division, the
specific activation of several membrane enzymes, and the trans-bilayer movement of lipids
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and proteins [93]. The changes in polymorphic phase behaviour and membrane fluidity seem
to be crucial parameters of membrane adaptation upon stress conditions, determining in turn,
the regulation of stress response pathways. In fact, it has been shown that membrane lipid
fluidity determines the threshold of heat-shock gene activation [4].

1.5.4. Heat and other membrane perturbations reorganize the membrane protein
composition: Membrane association of stress proteins
In addition to changes in the fatty acid composition of the membrane, other cellular changes
are also observed that affect membrane fluidity. For example, it was demonstrated that in E.
coli cells stress induced membrane disorganization occurs in parallel with nascent protein
translocation to the membrane. Heat induced translocation of non signal-sequence containing
proteins to the outer membrane within the first 10 seconds was influenced by fatty acid
composition. Most likely heat induced changes at the lipid bilayer allowed recognition of non
signal-sequence containing proteins [94]. It was suggested that the translocated proteins
might operate by stabilizing the outer membrane prior to the induction of heat stress proteins
[95].
There are many examples of different classes of Hsps that associate with membranes (plasma
membrane or membranes of cellular organelles) upon heat or other stresses [22, 25, 28, 37,
40]. A systematic study to understand the mechanism of association of Hsps with membranes
was initiated by Vigh and co-workers. First, they demonstrated that the E. coli GroEL
chaperonin associates with lipid membranes and the binding is apparently determined by the
composition and physical state of the host bilayer. It was concluded that GroEL chaperonins
have a dual function, (a), to assist the folding of both soluble and membrane-associated
proteins and (b), to rigidify and therefore stabilize lipid membranes during heat stress [21,
30]. Later on they demonstrated that most of the newly synthesized sHsps of Synechocystis
are associated with thylakoid membranes [4] and that sHsps of this organism (Hsp17) may
also influence membrane fluidity, predominantly in the deep hydrophobic region [4, 45, 46].
We have previously shown, that the heat shock genes (especially hsp17) of Synechocystis are
strongly induced upon membrane perturbation. sHsp Lo 18, from the lactic acid bacterium
Oenococcus oeni, was also shown to be induced by administration of the membrane
fluidizing agent benzyl alcohol (BA) and that its membrane localization and the level of
membrane association depended on the temperature up-shift [96]. It was hypothesized that a
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subset of sHsps may play a role in the control of thermal stress by acting as lipid-interacting
membrane stabilizing-elements. Furthermore, heat shock and EDTA treatments demonstrated
an induced loss of lipopolysaccharide (LPS), the outer membrane proteins OmpA and
OmpF/C, lipoprotein, periplasmic proteins and PE. Interestingly, additional heat shock
immediately following the EDTA treatment had no effect on LPS release, but it decreased the
release of outer membrane proteins and reduced the leakage of periplasmic proteins. The
outer-membrane components were most probably released via the formation of bleb like
structures [97]. It has been suggested that the temporary increase in outer-membrane
permeability caused by EDTA treatment is rapidly reversed by the redistribution of outermembrane components, a process that is favoured by a mild heat shock [98]. It has been
observed that extreme stress conditions, such as an organic solvent treatment, disturbed the
membrane structure and caused the induction of the 28 kDa phage shock protein A (PspA)
and its association with the inner-membrane [99]. This was the first report demonstrating that
hydrophobic water-immiscible organic solvents, n-hexan or cyclooctane, could trigger the
induction of PspA. Moreover, introduction of a multi-copy plasmid vector carrying the psp
operon in E. coli improved the survival frequency of cells exposed suddenly to n-hexane but
not the growth rate of cells growing in the presence of n-hexane. It was suggested that PspA
might be involved in adaptation to chemical stress by contributing to the improved membrane
function, namely the energy production process when an organic solvent had disturbed the
inner membrane.
Some psychotropic drugs and local anaesthetics, such as chlorpromazine, dibucaine,
lidocaine, imipramine, tetracaine and procaine, have been shown to induce the HSR in E.
coli. The induction of the two major Hsps, DnaK and GroE, was paralleled with some LMW
proteins (21, 20, and 17 kDa), although in the rpoH amber mutant strain the two Hsps were
not induced, indicating that the heat shock sigma factor, σ32, was required for their induction
[100]. It therefore seems, that the induction by these drugs is regulated at the level of
transcription. The precise mechanism for the induction of proteins, including Hsps by drugs
and anaesthetics, remains to be elucidated. Finally, the synergistic induction of the HSR by
simultaneous treatment with chemical inducers has been demonstrated in E. coli. Strains
carrying transcriptional fusions of four σ32-controlled E.coli heat shock promoters to
luxCDABE or lacZ reporter gene were activated by chemicals added singly or in pairs.
Synergistic effects were observed with combinations of cadmium chloride, copper sulphate,
ethanol, formamide, 4-nitrophenol, and pentachlorophenol [101].
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1.6. Development of thermotolerance as a cellular response to stress: (in)dependence on
heat shock proteins
Acquired thermotolerance is a complex physiological phenomenon that enables organisms to
survive normally lethal insults. The state of thermotolerance is induced by pre-exposure to
elevated but non-lethal temperatures and leads to enhanced protection of cells from
subsequent heat-induced injury. Thermotolerant cells are less sensitive to cytotoxicity
induced by hyperthermia, heavy metals, radiation, anti-cancer drugs etc. Generally,
thermotolerance is associated with the synthesis and accumulation of the Hsps. However,
there is conflicting data in the literature supporting an absolute requirement for Hsps in the
acquisition of thermotolerance.
It has been shown that the rpoH mutants of E. coli, in which heat induction of Hsps is
completely blocked, fail to show thermotolerance [102]. In many other organisms, like yeast
and Neurospora, blocking Hsp induction also abolished thermotolerance [103, 104]. Using
cell survival measurements it was shown that the E. coli ClpB protein, which is known to
play a key role in resisting high temperature stress, can complement the Synechococcus
minus clpB mutant and restore its ability to developed thermotolerance [105]. Another
finding indicated that a plant class I LMW Hsp increased the thermotolerance of E. coli cells
[48]. These data indicate that the induction of thermotolerance is dependent on the synthesis
of Hsps. However, certain Hsps are dispensable for acquired thermotolerance. For example,
the major heat shock gene of yeast (Hsp26) can be deleted with no effect on growth rate,
sensitivity to heat inactivation or thermotolerance [106]. The effect of the dnaK mutation on
induced thermotolerance has also been examined in E. coli. Although the mutant was
inactivated faster than control cells at 52°C, the mutation had no effect on induced
thermotolerance, since both mutant and control cells greatly lowered the subsequent
inactivation rate at normally lethal temperature if cells were preheated at 42°C [107]. It
appears that induced thermotolerance proceeds by a pathway that does not involve dnaK.
Thus, although the DnaK protein does have a protective effect during heat inactivation, this is
a separate phenomenon from the protection afforded by prior heat shock. Neidhardt and coworkers also showed no correlation between the induction of the main heat shock
transcriptional factor in E. coli encoded by rpoH gene and the development of
thermotolerance [53]. They also showed that treatment of a wild strain of E. coli with various
toxic agents revealed no correlation between the development of thermotolerance and the
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induction of any subset of Hsps. It was concluded that thermotolerance appears to develop by
processes other than the rpoH-dependent induction of Hsps [18].

1.7. Reporter systems: the licB gene as a new reporter to study heat shock gene
regulation
Control of gene/protein activity can be manifested at many levels, including transcription,
translation, processing, transport and finally degradation of mRNA or protein. The analysis of
promoter-reporter gene fusions is one of the most widely used techniques for identifying
sequences that control the temporal and spatial regulation of cloned genes. To date, the most
frequently used reporter genes in higher plants are the E. coli β-galactosidase gene, the
Agrobacterium tumefacience Ti-plasmid encoded genes nopaline and octopine synthase,
bacterial

genes

encoding

chloramphenicol

acetyl-transferase

(cat)

and

neomycin

phosphotransferase (npt) bacterial and firefly luciferase genes, the E. coli β-glucoronidase
gene (gus) and the green fluorescent protein (GFP) gene from the jellyfish, Aequorea
Victoria [108, 109].
The choice of an appropriate reporter gene to study Hsp expression is especially critical
because of the small number of the gene reporter systems, which allow promoter activity at
high temperatures. The major problem is the heat sensitivity of the reporter proteins, since
their activity is decreased when cells are subjected to heat shock. Additionally, the product of
a reporter gene must possess unique characteristics; it should not display background activity
or influence the metabolism of the model organism and the assay for the detection of the
reporter must be sensitive and quantitative. The size of the reporter protein is also an
important factor influencing the versatility and simplicity of the system [110]. Further, the
stability of a given reporter gene strongly depends on specific conditions that are
characteristic of each particular experiment.
Green fluorescent protein (GFP) from Aequarea victoria is used as a useful reporter for
genetic analysis of protein localization, export and protein folding. GFP has several features
that make it an attractive reporter candidate. The protein is active in E. coli, and it has proven
to be a useful reporter for a number of investigations in this microorganism, including
monitoring gene expression [111], assessing viability [112], and detecting bacteria in the
environment [113]. Additional advantageous characteristics of GFP are that it is active as a
chimeric protein and has a molecular mass of only 27 kDa, whereas β-galactosidase is a 130
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kDa protein. The activity of GFP can be quantified by simply measuring fluorescence
intensity. The use of GFP as a reporter in E. coli was explored by creating a gene fusion
between malE (encoding maltose binding protein) and a GFP variant (GFPuv) optimized for
fluorescence in bacteria [114]. Most GFP-based reporter systems have been designed for use
with eukaryotic cells. A versatile GFP-based reporter system in bacteria has been designed
that allows transiently expressed genes to be studied in situ and in real time [115]. Another
allows cellular stress levels to be easily detected by fusing heat shock promoter elements to
the reporter gene gfpuv. [116]. The major disadvantage of the GFP reporter systems in
studying Hsp expression is that GFP folding at heat shock temperatures (42oC) is slow.
Consequently, there is a delay from the time of synthesis to the formation of active GFP
molecules [117], although GFP has been used to study clpB, σ32 and dnaK promoters [116].
The licB gene encoding a new endoglucanase (lichinase) from the thermophilic bacteria
Clostridium thermocellum was proposed as a novel reporter [110]. Lichinase (licB) is a
thermoactive enzyme that specifically hydrolyzes 1-3, 1-4 linkages in β-glucans. The enzyme
has an optimal activity at pH 8-9 with half maximal values at pH 5 and 12.5. The temperature
optimum is 80°C and does not depend on the pH of the incubation buffer. The enzyme is
highly thermostable; it retained 65% of its activity during 24 h incubation at 75°C. The
activity and stability of lichinase is not dependent on the presence of divalent cations or
reducing agents. The enzyme was not inhibited by ethanol concentrations up to 10% (w/w)
and was resistant against denaturation by ionic detergents such as SDS. Thus, licB seems to
be a potentially useful reporter for study the regulatory elements of heat shock promoters for
several reasons. 1), High optimum temperature activity, 2), quantitation of activity at 80°C
eliminates the background activity of other enzymes, 3), high stability of the enzyme, a large
deletion at its N- and C-termini does not affect enzyme activity and 4), its relatively small
molecular size (32 kDa) and monomeric nature makes protein fusion manageable.
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2. MATERIALS AND METHODS

2.1 Strains and growth conditions
Escherihia coli (E. coli) strains DH5α or MC4100 and its σ32 derivative were used in all
experiments as indicated. The σ32 mutant was kindly provided by B. Bukau [64]. E. coli
strains were cultivated at 30°C in either LB or M9 medium supplemented with appropriate
antibiotics [118]. Growth rates under different conditions were monitored at OD600 using a
Hewlett Packard Diode Array Spectrophotometer (HP 8452A). Laboratory chemicals were
purchased from SIGMA and MERCK unless otherwise indicated. DNA modifying enzymes
were purchased from Fermentas and New England Biolabs. Fluorescence dyes (DPH and
NPN) were from Molecular Probes Inc.

2.2. Cell survival experiments
2.2.1. Temperature adaptation
E.coli (DH5α) cells were used in temperature adaptation experiments. Overnight cultures
grown at 30°C were diluted to OD600 0.2 and grown further at different temperatures (30, 37
and 46°C) up to OD600 0.6 in LB medium. Then 1ml of cells was heat shocked at 50°C for 30
minutes. Serial dilutions were made and cells were plated on LB agar and incubated at 30°C
overnight.

2.2.2. Benzyl alcohol pre-treatment followed by heat shock
E.coli (MC4100 and its σ32 mutant) cells were used in BA and temperature adaptation
experiments. Overnight cultures grown at 30°C were diluted to OD600 0.2 and grown further
to OD600 0.6 in LB. BA was added to 10, 20 and 30 mM and cells were incubated at 30°C for
20 minutes or treated at 43°C without BA treatment for 20 min. 1ml of BA treated cells was
then washed twice with 1ml LB and finally suspended in 1ml of LB media containing 25
µg/ml of kanamycin (Km) as required. Heat shock was carried out at 50°C for 30 minutes.
Serial dilutions were made and cells were plated on LB agar containing Km (25µg/ml) as
necessary and incubated at 30°C overnight.
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2.3. Protein labelling, gel electrophoresis and western blotting
1ml of cells grown in LB medium to OD600 0.6 at 30, 37 and 46°C (see on Fig.11) were
labelled in M9 minimal medium with 5µl of
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C protein hydrolysate (Amersham, specific

activity 50 µCi/ml) at 30 or 50°C for 30 min. In another of experiment (see on Fig.12) cells
grown in LB medium to OD600 were labelled in M9 medium with 10 µl protein hydrolysate
(Amersham CFB25, radioact. conc. 50 µCi/ml) at 30 °C during BA treatment (10, 20, 30 or
40 mM, added from stock prepared in M9 medium) for 10 min, or shift to 43 or 46°C for 10
min. In both cases, cells were harvested and resuspended in SDS sample buffer. Proteins
were separated on 8-15 % SDS-PAGE and prepared for fluorography as in Cells were
pelleted, suspended in Laemmli buffer and subjected to electrophoresis on a 15% SDS
polyacrylamide gel (SDS-PAGE) or SDS-PAGE gradient gel (8-15%). Gels were then
stained with Coomassie Brilliant Blue R-250, distained in 93% of acetic acid for 20 min and
then dipped into 20% 2, 5 diphenyloxazole dissolved in acetic acid for 1 min. Following 3
washes in a large amount of water, gels were fixed in ethanol-glycerol (30 and 3%,
respectively) and then dried for autoradiography.
For western blot analysis of heat shock proteins 20 ml aliquots (OD600 = 0.6) of WT
cells were treated at 30 °C with BA (0, 10, 20, 30 or 40 mM, added from stock prepared in
LB medium) for 20 min, or shifted to 43 or 46°C for 20 min. One ml of cells was harvested
and resuspended in SDS sample buffer. Proteins were separated on 8-15 % SDS-PAGE,
electroblotted to PDVF membrane and the membrane incubated with antiserum against E.
coli DnaK and GroEL. Peroxidase-conjugated anti-mouse or anti-rabbit IgG was used as
secondary antibody. Immunodetection was carried out by the enhanced chemiluminescence
(ECL) method (Amersham, UK).

2.4. In vitro protein denaturation measurements
Cell extracts were prepared from 100 ml of 30°C grown cells according to Mogk and coworkers [119]. Briefly, the cell pellets were washed twice and resuspended in ice-cold
breakage buffer (50mM HEPES pH 7.6, 150mMKCl, 20mM MgCl2, 10mM DTT) followed
by disruption using a Bead Beater and glass beads (0.1 mm diameter). Cell debris were
discarded after centrifugation at 2,800xg for 5 min at 4°C and the cell extracts were obtained
following a further centrifugation at 15,000xg for 15 min at 4°C. The protein concentration of
cell extracts was then adjusted to 3 mg/ml and incubated either with BA (10, 20, 30, 40 or
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50mM) or heat treated (30, 38, 42, 46 or 50°C) for 1h followed by centrifugation (14,000
rpm, 30 min at 4oC). The pellets were resuspended in Lowry solution and protein
concentrations determined [120].

2.5. Membrane fluidity measurements
E.coli (MC4100) cells grown to mid-log phase were washed with PBS and pellets were
suspended to the final OD360 0.2 with PBS at 30 °C. Steady-state fluorescence anisotropy was
measured using 1,6-diphenyl-1,3,5-hexatriene (DPH) as probe in 1 µM final concentration.
At 20 min of anisotropy measurement, BA was added in a final concentration of 20 mM. The
anisotropy measurement was carried out in temperature controlled cuvette chamber at 30 °C
using a T-format Quanta Master QM-1 (Photon Technology International (PTI), Princeton,
NJ) fluorimeter. Excitation and emission wavelengths were 360 and 430nm (5 nm slits),
respectively [4].

2.6. Outer membrane permeability measurements
The measurement of membrane permeability was adapted from a method described
elsewhere [34]. Cells grown up to OD600 = 0.6 were suspended in 50 mM HEPES buffer (pH
7.2) and adjusted to OD600 = 0.2. 100 µl aliquots were heat-shocked for 10 min in the absence
or in the presence of 30 mM BA, which was added at the beginning of heat shock. After this
heat treatment, 900 µl of HEPES buffer (pH 7.2) containing 5 µg/ml 1-Nphenylnaphthylamine (NPN) was added. Following incubation at room temperature for 10
min, the uptake of the fluorescent probe was measured at 25 °C by using a PTI fluorimeter at
excitation and emission wavelengths of 350 nm and 422 nm, respectively. Fluorescence
intensities were normalized between the minimum and maximum levels, corresponding to the
intact and fully permeabilized cells, respectively.

2.7. Potassium efflux measurement and cell survival experiments
E.coli (MC 4100) overnight cultures grown at 30°C were diluted to OD600 0.2 and grown
further to OD600 0.6. Cultures were divided in to 40ml aliquots and pelleted at 5000 rpm (SS-
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34 Sorvall rotor) for 10 minutes at 4°C. Pellets were washed twice with 40 ml of M9 minimal
medium without potassium ions and then 4 ml aliquots of the cell suspension were treated at
temperatures ranging from 30 to 65°C for 30 min in a rotating baths in the presence or
absence of 30 mM BA. Cells were then pelleted and supernatants were used for potassium
efflux measurements with an atomic absorption spectrophotometer. Pellets were suspended in
4 ml of LB and grown for 5 h followed by optical density measurement at wavelength 600
nm to determine cell survival.

2.8. RNA isolation/hybridization
Overnight cultures of E.coli cells (MC4100 & its σ32 mutant) were diluted 1:100 and grown
to OD600 0.6. 10ml aliquots were then treated at 30°C with BA (10, 20, 30 and 40mM) for 10
min or shifted to 43 or 46°C for 10 min. Total RNA was subsequently isolated immediately
after treatment. Cells were transferred to ice-cold centrifuge tubes containing 750 µl of –20°C
phenol (5% equilibrated with UP water, in 98% ethanol). After centrifugation (5000 rpm, 4
°C, 10 min, SS34 rotor) cells were resuspended in 250 µl 10 mM NaOAc (pH 4.5) containing
0.3 M sucrose, transferred to a fresh Eppendorf tube where 37.5 µl 0.5 M EDTA was added.
Following a 5 min incubation on ice, 375 µl lysis buffer (2% SDS, 10 mM NaOAc pH 4.5)
was added and cells lysed by vortexing at 65 °C for 3 min. The cell lysate was extracted 3
times by addition of 700 µl UP water saturated phenol (saturated at 65°C) and RNA
precipitated overnight with 0.2 volumes of 10M LiCl and an equal volume of –20°C
isopropanol. After centrifugation (14,000xg, 4°C, 15 min) the pellet was suspended in
Dethylpyrocarbonate-treated UP-water and the RNA concentration determined according to
[118].
For Northern analysis 5µg of RNA were run on 1% agarose gel containing 6% formaldehyde
and blotted onto nylon membrane (ZetaProbe, BioRad). Full length probes for dnaK, groESL
(kindly provided by B. Bukau) and ibpA and B (gift of P. Goloubinoff) were radiolabelled
with Multiprime DNA labeling kit (Amersham) using α-[32P]dCTP (Izinta). Hybridization,
washing and stripping were performed as recommended by the manufacturer (ZetaProbe).
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2.9. Cell fractionation
E.coli (MC 4100 or its σ32 mutant) overnight culture was diluted 100 times in to 1000 ml LB
and grown at 30ºC to OD600 0.6. Either 30 mM BA was then added or cells were heat
shocked at 43ºC for 30 min. After treatment cells were span down at 5000 rpm (GS-3 rotor)
for 10 min at 4ºC. Cell pellets were washed once with 45ml 10mM TrisHCl (pH 7.1)
containing 0.4 mM EDTA and 20% sucrose, followed by incubation for 10 min at room
temperature with gentle stirring (~150 rpm). Cells were pelleted at 12,800xg for 10 min at
4ºC. The supernatant was then removed and discarded while the cell pellet was suspended by
vigorous vortexing in 10ml of 0.1mM MgCl2 at 4ºC. The cell suspension was then incubated
on ice for 10 min with occasional stirring followed by centrifugation at 12,800xg for 10 min
at 4oC. The supernatant (periplasmic fraction) proteins were separated by SDS-PAGE and
pellets were used for separation of the cytosol and the outer and inner membrane fractions.
The pellets were washed once with 100ml of Buffer A (10mM HEPES (pH 7.4), 1mM
EDTA, 5mM mercaptoethanol and 10% glycerol), centrifuged (5,000 rpm, 10 min at 4°C,
GSA rotor) and resuspended in 22 ml of buffer A. The cells were then lysed by passing them
once through a French press (6000 psi) and the lysate centrifuged (5,000 rpm, 10 min at 4°C,
SS-34 rotor). The supernatant was subsequently transferred into two SW-41 Beckman tubes
and span at 30,000 rpm for 1h at 4°C. The supernatant represented the cytosolic fraction
while the pellet represented the membrane fraction. Aliquots (200µl) of the cytosolic fraction
were precipitated overnight with 1ml of acetone and subsequently the precipitate was
dissolved in 530 µl Laemmli sample buffer for analysis by SDS-PAGE. Selective coomassiestained bands form the SDS-PAGE of the periplasmic and cytosolic fractions were analysed
by MALDI.
The membrane fraction was suspended in 1ml of the 50 mM HEPES (pH 7.5) containing
1mM EDTA, and then applied to the top of a sucrose gradient (4ml 0.77M, 5ml 1.44M, 1.5ml
2.1M) and following centrifugation at 30,000 rpm (SW-41) at 4°C overnight, to form a
continuous sucrose gradient, two membrane bands were fractionated. The upper-band
represented isolated inner membranes and the lower-band outer membranes. Isolated outer
and inner membranes were used for DSC analysis (Vp-DSCalorimeter (MicroCal, USA)
according to Rosa [121].
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2.10. Lipid/Fatty acid analysis
100 ml of E.coli (MC 4100 or its σ32 mutant) cell were grown in LB medium at 30ºC to
OD600 0.6. Then cells were treated either at 30°C or 43°C for 20 min or with 30 mM BA at
30° for 20 min. Lipids were then extracted from sedimented cells according to Bligh and
Dyer [122]. Phospholipids were separated on Silicagel H plates (Merck), using two
development steps according to Cartwright [122a]. Fatty acids of each phospholipid or total
polar lipids were analyzed. Lipids were transesterified by methanolysis with 5% HCl in
methanol at 85°C for 2h and the resultant fatty acid methyl esthers were analyzed on a HP
gas chromatograph (HP 3396A) equipped with flame ionization detector on SP 2230, 30 cm
long capillary column (Supelco). Quantitation was made using HP (HP 3396A)
integrator.The amount of phospolipids was determined by using pentadecanoic acid as
internal standard during gas chromatography.

2.11. Flow cytometry investigations
Samples of logarithmic-phase cells (1ml), controls (untreated) or treated with 30 mM BA for
10 min or heated at 55°C for 20 min were used for membrane integrity tests. 200µl of cells
were added to 800µl of LB medium containing ethidium homodimer and analyzed for uptake
of the dye. As a positive control for fluorescence/uptake a separate sample of cells was
treated with 70% ethanol for 10 min to destroy both the membrane potential and the barrier
function. Flow cytometry was performed using a FACScan flow cytometer (BectonDickinson) equipped with 488 nm argon laser and measurements analyzed using Cell Quest
software.

2.12. Molecular cloning and reporter system construction
Promoter sequences of dnaK (190bp), groESL (234bp), cpn60 (271bp) and Hsp17 (222bp) of
Synechocystis heat shock genes were amplified using 10 ng of genomic DNA (Williams et al
1988) as a template with the following primers (1 pmol/µl each):
dnaK2: 5′-GTGGTAAATGGCCCCCGTTA-3′ and 5′-AAGACACAACGATGGGCCG-3′
groESL: 5′-CCTCGCAACGTATAAACAAC-3′ and 5′-TGATAGTCTTGCAAGGTCAG-3′
cpn60: 5′-GGATGTCCAAGCTCTAGTGGA-3′ and 5′-CAAAGGTGGCGGACAAGTCC-3′
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hsp17: 5′-AAAAATCCATAGGGCGGTGG-3′ and 5′-TGTGGAAGGAATTGATTACCC-3′
Polymerase chain reaction (PCR) was carried out with Taq polymerase (Zenon Biotech) in
the buffer provided by the manufacturer using the following program: one cycle at 95°C x 5
min, 30 cycles at 95 °C x 1 min, 50°C x 1 min, 72 °C x 1 min and one cycle at 72°C x 5 min.
PCR products were separated on 1.5% agarose gels, purified, sequence verified by automated
sequencing and finally cloned into appropriate vectors.
To construct LicB promoter-probing vector, the above primers contained additional EcoRI
(forwards) or BamHI (reverse) restriction sites at their 5’ ends in order to allow them to be
cloned into Bluescript KS+ carrying the licB gene (Fig. 5, 6), which was kindly provided by
Piruzian [110]. The same PCR amplified promoter sequences were also cloned as blunt end
fragments into the EcoRV site of a GFP reporter (pASV3).

2.13. E.coli transformation
Aliquots of E.coli DH5α competent cells were thawed on ice and ~100 ng of DNA was
added and further incubated on ice for 30 min. Cells were then heat shocked at 42°C for 45
sec, cooled on ice for 2 min, and subsequently 900µl of LB media was added and the cells
incubated for an hour at 37oC. Aliquots of cells were plated on LB agar containing an
appropriate antibiotic (Ampicilin at 100 µg/ml or Kanamycin at 50 µg/ml).

2.14. GFP assay:
E. coli cells DH5α transformed with gfp constructs were grown at 30°C to OD660 0.6 and then
a portion of the cells were centrifuged (14,000 rpm, 10 min at room temparature),
resuspended in 1×PBS buffer and then shifted to 42°C for 30 min. The remaining cells,
representing control cells, were kept growing at 30°C and an aliquot of the 42°C treated cells
were also shifted back to 30°C for 30 min. These cells were then span down and suspended in
3 ml of PBS. The fluorescence measurements were carried out at excitation wavelength of
395 nm (slit 2) and an emission wavelength of 508 nm (slit 4) using the PTI fluorimeter.
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2.15. LicB assay:
E. coli cells DH5α transformed with licB constructs were grown at 30°C from OD660 0.2 to
OD660 0.6 and incubated at different temperatures with or without 10mM BA for an
additional hour. Cell extracts were prepared in 50 mM Tris-HCl pH 8.0 by sonication on ice.
The supernatant was then heated at 70°C for one hour and subsequently centrifuged at
7,000xg for 5 minutes. The supernatants protein concentration was determined by the Lowry
method [120] and equal amounts, 10µg for each groESL promoter sample or 30µg in case of
cpn60 promoter samples, were applied on 15% SDS-PAGE containing 0.1% lichenan (the
substrate for lichinase). After running, the gel was treated with 70% ethanol and then stained
for 5 minutes with Congo Red followed by washing with 1M NaCl until white bands were
visualized on the red background [110].
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1.
EcoRI

groES

~200 bp

groEL

BamHI

2.
EcoRI

cpn60

BamHI
~200 bp

EcoRI

BamHI

5’--N3--GAATTC----N18----

--N18-- GGATCC----N3---3’

Fig. 5. Strategy of amplification of promoter regulatory regions of Synechocystis heat
shock promoters.
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3. RESULTS AND DISCUSSION

3.1. Membrane perturbation induces the expression of chaperone genes in E.coli
In this study we investigated whether changes in membrane physical state caused by stresses
of a different nature correlated with the activation of heat shock genes. Our early work on the
regulation of the HSR in Synechocystis showed that benzyl alcohol (BA), a strong membrane
fluidizing agent, caused a downshift in the activation temperature of the major classes of heat
shock genes [4]. In E.coli, we first compared the effect of the chemical stressor BA with that
of high temperature, a physical stressor, on the activation of heat shock genes. When cells
were treated with BA for 10 minutes the major heat shock genes groESL, dnaK, and ibpAB
were induced at a nonstressful temperature (30°C). BA slightly induced groEL, and ibpA, but
dnaK was induced as strongly as that by heat. In contrast, only two major heat shock genes,
dnaK and groEL, were induced after a 10 min exposure to either 43 or 46°C (Fig. 6). As can
be seen, the small heat shock genes, ibpA and ibpB, were not expressed upon such heat
treatment. In a separate study the activation of sHsp genes revealed that a much higher
temperature (50°C) was required to activate these genes (A. Glatz, personal communication).

Fig.6. Northern blot analysis of major E.coli heat shock genes.
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In E. coli, heat shock gene induction is under the control of σ32 and consequently we tested
how the HSR was affected in this mutant. The basal level of expression of two major heat
shock genes, groEL and especially dnaK, was much higher in the σ32 mutant than in WT
cells, whereas, sHsps were not activated either by BA or by high temperature in the σ32
mutant cells (Fig. 6). This result implies that BA inducibility of sHsps is completely σ32
dependent. Temperature and BA dependent transcription of the particular family of heat
shock genes differed in WT and its σ32 mutant cells, including the extent of activation. As
described above, the ibpA and ibpB genes were not induced at high temperatures whereas BA
caused their activation at 30oC in WT cells but not in the mutant. The activation of the ibpB
gene was much more pronounced and 30 mM BA caused the maximal effect, whereas 10
mM BA had a stronger effect on the activation of the ibpA gene whose expression ceased
upon 30 mM BA treatment. Notably, a harsh concentration of BA (40 mM) still activated
dnaK and ibpB genes but, not groEL and ibpA genes. Such high selective sensitivity in the
induction of heat shock genes might imply structural differences in promoter regulatory
regions of the genes recognizing various stress signals and the consequent involvement of
different transcription factors (σ) factors.
Results from other studies also indicate that changes in the membrane state of cells can
induce Hsps. Tanji and co-workers examined the effects of membrane active agents,
psychotropic drugs and local anesthetics, on the activation of the HSR in E. coli.
Chlorpromazine, a phenothiazine derivative, had an effect on both the transcriptional and
translational level of DnaK and GroEL, but the magnitude of stimulation of the messenger
RNA synthesis appeared greater than that of the protein synthesis. However, these changes
were not seen in an rpoH amber mutant strain, indicating that the heat shock sigma factor σ32
was required for their induction [100]. Other psychotropic drugs and local anesthetics,
namely, dibucaine, lidocaine, imipramine, tetracaine and procaine, also induced Dnak and
GroEL and some small molecular weight proteins. While the mechanism of induction of
Hsps by psychotropic drugs and local anesthetics remains to be elucidated, the drugs are
known to bind to phospholipids and to affect various physiological processes that depend on
the function of biological membranes. It was therefore proposed that phospholipids in cell
membranes participate in the induction of Hsps by these drugs [123],[124]. In other study,
Curran and Khalawana showed that membrane-active agents lowered the temperature
required for the maximal activation of the heat shock genes in S.cerevisiae [125] and, is
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consistent with our studies in Synechocistis where BA caused a downshift in the activation
temperature of the major classes of heat shock genes [4]. Such data support our view that
since perturbation of the cell membrane plays a role in the heat induced activation of heat
shock genes environmental stress might be transduced into a cellular signal at the level of the
cell membrane. However, to fully understand the role of membranes in the transcriptional
regulation of heat shock genes by various stressors further studies are required, although in
our present study it is noted that the maximal activation of individual heat shock genes tested
(dnaK, groEL, ibpA, ibpB), presumably was obtained at different levels of the disorganization
of membranes. This finding not only supports the “membrane sensor” model, but might also
imply that differently localized “sensory membrane domains” are engaged in the activation of
different heat shock genes.

3.2. Benzyl alcohol does not cause protein denaturation.
It is generally assumed that the primary signal for the HSR is denaturation of proteins that
result in the induction of chaperones. It is therefore possible that BA might also cause protein
denaturation, as seen by heat, and consequently this proteotoxic effect then leads to the
activation of heat shock genes. On the other hand, we have shown that the σ32 dependent Hsp
genes (groESL, dnaK, ibpAB) remained basically uninduced upon BA treatment in rpoH
deficient cells. To resolve this conflict one might speculate that BA perturbation exerts its
effect at the level of membrane fluidity, rather than protein denaturation. This former view
was fully supported by comparing the level of protein aggregation resulting either from heat
stress or from the addition of membrane perturbant (Fig. 7). In contrast to heat, the membrane
fluidizer caused no significant accumulation of denatured protein at concentration ranges (1050 mM) that could trigger HSR paralleled by the activation of novel genes with hitherto
unknown function. This observation is supported by our earlier studies in which the effect of
heat and BA, as well as two other inducers of HSR (heptanol and the drug bimoclomol), were
examined for protein denaturation using a firefly luciferase reporter system [126]. While even
a mild heat shock (42°C) caused a considerable inactivation of the enzyme, neither alcohol
nor the drug led to the accumulation of denatured firefly luciferase. Besides the common
potential of stress inducers to generate aberrant, partially or completely unfolded proteins as a
signal leading to the HSR, our data suggest the existence of additional sensors/signals. Our
alternative view on initial stress-sensing events considers the physical state and lipid
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composition of cellular membranes as primary tools operating in generation of a stress
signal(s) [3].

Fig. 7. In vitro protein aggregation in cell extracts caused by heat or BA

3.3. Recovery of membrane fluidity in E.coli cells following benzyl alcohol treatment
Apart from protein denaturation caused by heat, the two stressors (heat and BA) may trigger
the HSR through changes in membrane properties such as alteration of membrane fluidity. In
order to determine the effect of BA on the physical state of E. coli membranes, changes in
membrane fluidity were measured using the hydrophobic fluorescent dye 1,6-dyphenyl-1,3,
1,3, 5-hexatrien (DPH). The extent of membrane fluidization, caused by BA administration,
is well reflected in changes observed in the steady state fluorescence anisotropy of DPH. We
could observe, in vivo, the BA induced “hyperfluidization” of the membranes during the
initial phase of the fluidization profile (Fig. 8). This phase was followed by a slow recovery
period, which underlies the BA-induced adaptation at the level of membranes (Fig. 8). In
general, the perturbation of membrane fluidity attained by a temperature shift or chemical
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agents initiates an active response that tends to counteract the primary effects of the stressor.
Such adaptive membrane reorganization might include modification of the composition of
pre-existing lipid classes, the level of lipid unsaturation and the ratio of protein to lipid.

Fig. 8. BA-induced fluidization and fluidity relaxation of membranes of E. coli cells.
The fluorescence anisotropy of DPH (1 µM) was monitored as a function of time. At
20 min of anisotropy measurement, BA was added in a final concentration of 20
mM and the measurement was continued up 100 min

A co-ordinated study of membrane fluidity and fatty acid composition has been carried out in
E.coli W3110 cells [127]. These results showed an increase in fluidity, induced by an abrupt
temperature up-shift, followed by a reduction in fluidity interpreted as a compensatory
response. Later the same authors clearly demonstrated that membrane fluidity positively and
linearly correlated with the percentage of unsaturated fatty acid content [83].
Another study showing the critical role of membrane microviscosity (the inverse of the
fluidity) in hypothermic killing is supported by the observation that the survival of E.coli
exposed to hypothermia could be altered by varying the nature and amount of unsaturated
fatty acid in the membrane or by adding a membrane fluidizing agent such as procain [128].
Subtle alteration(s) of membrane fluidity caused by different stressors, including heat and
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BA, may be implicated in signal transduction to activate the intracellular mechanism(s) of
protection. Recently, for plants, it has been shown that cold and heat are sensed by structural
changes in the plasma membrane, which translates the signal via the cytoskeleton, Ca2+
fluxes and calcium-dependent protein kinases (CDPKs) into the activation of distinct
mitogene-activated protein kinases (MAPKs). One such MAPK, SAMK, was cold activated
and required membrane rigidification, whereas heat-activation of heat shock-activated
MAPK, HAMK, occurred through membrane fluidization [129]. It is well established that
with increasing temperature the membrane fluidity and the space occupied by the
hydrophobic domain of lipids increases due to the increased mobility of fatty acid chains.
For the lactic acid bacterium, Oenococcus oeni, membrane fluidity changes have also been
shown to have a positive effect on cellular adaptation [96]. This suggests that the capacity of
O. oeni to regulate membrane fluidity by its ability to control the lipid and protein
composition of its membranes represents a stress tolerance mechanism. The occurrence of
such changes demonstrates that membrane fluidity is under strict control of various
compensatory mechanism(s) that are responsible for maintaining cellular homeostasis.
Whereas it is clear that microorganisms actively control the dynamic and structural
characteristics of their membrane, how cells detect these changes and respond by eventually
normalizing membrane fluidity is currently unknown.

3.4. Sublethal heat or BA pre-treatment induces thermotolerance in E. coli
A key feature of the stress response is the acquisition of thermotolerance whereby prior nonlethal heat shock conditions enable cells to survive more extreme stress [130]. Hsps are
induced during stress conditions and have therefore been implicated in the acquisition of
thermotolerance and tolerance to other stresses. However, several reports have questioned the
relative contribution of Hsps to thermotolerance (reviewed in [131]). Considering these
conflicting views, other researchers have ascribed greater significance to osmoprotectants
[132] or to the structural and functional integrity of the cell membrane [3]. Since both heat
and BA caused membrane fluidization and heat shock gene activation, we assumed that both
treatments lead to the development of thermotolerance. To study the development of acquired
theromotolerance, E. coli cells were grown at 30, 37 and 46°C until mid log phase (OD600
0.6). The duration required to reach this OD was previously determined from growth rate
curves. Cultures were then shifted to 50°C a temperature that is normally lethal, for 30 min,
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and cell survival was determined by plating aliquots of cells on LB agar. Our results showed
that the higher the growth temperature (30-46oC), the greater the cell survival observed
following the shift to 50oC (Fig. 9), and is consistent with results observed for many other
organisms, except here we show that even growth at 37oC can protect against normally lethal
temperatures. Presently we also show direct evidence for the involvement of membrane
physical state in heat stress management by demonstrating that pre-treatment with BA (10,
20, 30 mM) at a low, non-stressful temperature (30oC), induced acquired thermotolerance and
thus mimics the effect of sublethal heat pretreatment. In fact, E. coli cells exposed to heat at
43°C or treated with 30mM BA for 20 min showed a significantly enhanced ability to
withstand a normally lethal temperature of 50°C (Fig. 10). Since BA is a well-known
membrane-fluidizing agent, in this respect, its effect on the membrane physical state overlaps
with that caused by heat stress. That cells pre-treated with BA showed acquired
thermotolerence was the first observation suggesting that alteration of the membrane is a key
element of thermally induced cell adaptation and that membrane hyperfluidization may be
capable of promoting thermotolerance.

Fig. 9. Heat resistance of cells grown at different temperatures. Cells were adapted
to 30, 37 and 46°C and then heat shocked at 50°C for 30 min. Ten-fold serial
dilutions were made, and cells were plated on LB agar and incubated at 30°C
overnight. Control cells were not exposed to 50°C.
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Fig. 10. Temperature sensitivity of BA and heat-pre-adapted E. coli cells. Cells were
incubated with 0, 10, 20 or 30 mM BA at 30°C for 20 min or heat-treated at 43°C for 20 min.
Probing heat shock was carried out at 50°C for 30 min. Ten-fold serial dilutions were made,
and cells were plated on LB agar and incubated at 30°C overnight. Control cells were not
exposed to 50°C.

In another study, using an unsaturated fatty acid auxotroph of E. coli, heat resistance was
shown to depend on the temperature of incubation prior to heat treatment at 50°C, moreover,
this dependence was affected by the fatty acid composition in bacterial membranes [82]. In
the light of this result it is apparent that there is a large body of evidence that now supports
the alternative and more complex mechanism of acquired thermotolerance, rather than a sole
role of Hsps in this physiological process. Although the correlation between the development
of acquired thermotolerance and the appearance of Hsps is strong, a cause-and-effect
relationship between the two has been not fully understood. For instance, genetic analysis
showed that the reduction in the level of the sHsp (27 kDa) in Arabidopsis correlated with
acquired thermotolerance [133], whereas another study in E. coli, demonstrated that one of
the major Hsps, DnaK, was unessential in acquisition of thermotolerance [107]. It is also
known that different inducers of Hsps vary with respect to their level and kinetics of
induction, and the specific subset of stress proteins induced. While a temperature increase is

46

the most potent inducer of the entire set of Hsps, other stresses such as oxidative stress [18]
induce only a subset of Hsps, which implies the existence of additional levels of regulation.
Furthermore, another study carried out by Hershko and co-workers provided evidence of
thermotolerance development upon interleukin-6 (IL-6) treatment and suggested that the
effect of IL-6 was independent of the HSR. Further studies are therefore required to establish
the role of individual Hsps, as well as other factors, involved in coordinating cellular changes
that lead to the acquisition of thermotolerance.

3.5. Effect of growth temperature and benzyl alcohol treatment on the protein-profiles
and the de novo protein synthesis of E. coli
Based on the general view that acquired thermotolerance is causally linked to the HSR, next
we tested the effect of heat stress and BA treatment on protein synthesis to evaluate the
correlation between these two events. We showed that E.coli cells preadapted to 30, 37 and
46°C and then exposed to a higher temperature differed both in their pre-existing protein
profiles and in the pattern of de novo protein synthesis. Analysis of Coomassie stained gels
showed that cells treated at 46°C synthesized the two major Hsps, namely DnaK and GroEL
(Fig. 11A), and a member of the low molecular weight Hsps, presumably IbpB. The results
also revealed that the initial growth temperature significantly affects the de novo formation of
Hsps appearing after exposure to a high temperature of 50°C for 10 min (Fig. 11B).

A

B

Fig. 11. Effect of different growth temperature on (A) protein pattern and (B) on the
de novo protein synthesis at 30°C and 50°C.
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Protein synthesis redistribution implies that the growth temperature, prior to exposure at
higher temperatures, strictly determines the appearance of Hsps. The higher the initial growth
temperature the less is the need for the newly synthesized Hsps. In cells grown at 30°C all
three major Hsp were synthesized at 50°C. However, for 46°C grown cells induction of Hsp
synthesis was not apparent, which suggests that pre-existing levels of such proteins were
sufficient at this high temperature.
To test the effect of BA on Hsp synthesis, western blot experiments were carried out to
follow the accumulation of the major heat shock proteins, DnaK and GroEL. BA and heat
treatment both resulted in membrane hyperfluidization, partial destruction of the permeability
barrier in the cell envelope, and nonetheless transcriptional activation of the key heat shock
genes. However, unlike heat, BA to our surprise did not cause sizable formation of these heat
shock proteins (Fig. 12A). To ascertain that overall protein synthesis was not affected or
blocked by BA treatment, (14C) protein hydrolysate pulse-labeling experiments of E. coli
cells were carried out (Fig. 12B). We observed only a slight decrease in the overall protein
synthesis, even at a concentration of 40 mM BA, which suggests that the absence of Hsp
accumulation clearly could not be explained by the inhibition of protein synthesis.
Regarding the role of other Hsp families in the acquisition of thermotolerance our data on BA
induced acquired thermotolerance supports evidence obtained by several groups that Hsp
synthesis is not a prerequisite for the development of thermotolerance. Swan and Watson
have demonstrated no consistent relationship either between the synthesis of Hsps or
trehalose accumulation and the acquisition of thermotolerance in the lipid supplemented
auxotroph or a related wild type E. coli [135]. An adenyl cyclase deletion mutant (cya) of E.
coli failed to exhibit a HSR even after 30 min at 42°C, whereas the response was monitored
within 10 min in the wild type strain. This mutant, however, was able to develop
thermotolerance

implying

that

Hsps

are

unnecessary

for

the

establishment

of

thermotolerance[136]. These data are corroborated by other findings that Hsp synthesis was
not sufficient for the development of thermotolerance in some organisms [18]. In support of
our data on thermotolerance acquisition in the absence of synthesis of major Hsps after BA
treatment, it was also demonstrated that not only high temperature exposure but treatment of
cya mutant E. coli cells with various toxic agents revealed no correlation between the
development of thermotolerance and the induction of any subset of the Hsps [136].
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Fig. 12. Heat shock gene induction. (A) Western analysis of heat shock proteins DnaK and
GroEL. Cells were treated at 30 °C with BA (10, 20, 30 or 40 mM, added from stock
prepared in LB medium) for 20 min, or shifted to 43 or 46°C for 20 min. (B) In vivo
protein labeling. Cells in M9 medium were labeled with 10 µl protein hydrolysate
(Amersham CFB25, radioact. conc.50 µCi/ml)) meanwhile treated at 30°C with BA (10, 20,
30 or 40 mM, added from stock prepared in M9 medium) for 10 min, or shifted to 43 or
46°C for 10 min.

3.6. Protein analysis of separated cellular compartments
We have shown that BA treatment has similar effects to high temperature exposure on
cellular membranes. On the other hand, BA did not cause Hsp synthesis, although it still
caused the development of thermotolerance in E. coli. To gain an understanding into the
mechanism(s) of acquired thermotolerance we have tested the effect of both stressors on
protein composition in different cellular compartments in WT and σ32 mutant cells.
Membrane, periplasmic and cytosolic fractions were obtained after cell fractionation using
sucrose density gradient ultracentrifugation. Differences in protein patterns were seen in the
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cytosolic, periplasmic and membrane fraction. Several identical proteins as well as some
induced specifically by either BA or heat were identified by MALDI mass spectrometry
aqnalysis (Table 1). Up-regulation of proteins such as phenylalanyl t-RNA synthetase
probably resulted from accurate translation upon stress conditions.
Table 1. Cytosolic and periplasmic proteins induced upon heat and BA treatment

σ32

WT

E. coli
Cytosol

30 mM BA

43°C

Phenylalanyl t-RNAsynthetase

+

+

α- or β-aldolase

+

+

GroEL

30 mM BA

43°C

+

Tryptophanase

+

+

Outer membrane protein A precursor

+

+

Purine nucleoside phosphorylase

+

+

Formate C acetyltranspherase

+

Adenylsuccinate synthetase

+

Periplasm
Oligopeptide binding protein

+

+

D-galactose binding protein

+

D-ribose binding protein

+

Periplasm. phosphate binding protein

+

Membrane

+

Member of PutA operon

+

High temperature or any other stress factors affect individual components of the translation
machinery and specific amino acids are particularly sensitive. However, we had expected to
see more pronounced differences in membrane protein patterns but only one protein was
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detected upon BA addition, as a member of putA operon, the gene product of a redoxdependent transcriptional regulator [137].
Previous studies had shown that the oligopeptide-binding protein (OppA) and tryptophanase
levels were altered in an E. coli pgsA3 mutant that lacks the potential to synthesize
phosphatidylglycerophosphate, a precursor of membrane phospholipid, phosphatidylglycerol
[138]. Another study showed that some aldolases, which are known to be thermostable
proteins, such as tagatose 1, 6-diphosphate aldolase were upregulated, together with the
typical Hsps GroEL and DnaK, in probiotic Lactobacillus rhamnosus HN001 (DR 20) [139].
In the periplasm, all the substrate-binding proteins we identified are receptors involved in
active transport across cell membranes and/or chemo taxis. It was previously reported that
OppA of E. coli and the galactose-binding protein (MglB) of Salmonella typhimurium
interact with unfolded and denatured proteins, such as the molecular chaperones that are
involved in protein folding and protein renaturation after stress. Both the liganded and ligandfree forms of binding proteins displayed their chaperone-like functions [140]. Seemingly,
bacterial periplasmic substrate-binding proteins, in addition to their function in transport and
chemotaxis, might be implicated in protein folding and protection from stress in the
periplasm especially in σ32 mutant cells.
Other chemical stressors like hydrophobic organic solvents, namely n-hexan or cyclooctane,
have also been shown to induce the 28 kDa inner membrane associated PspA protein (phage
shock protein) in E. coli [99]. In yeast, another study has demonstrated the role of plasma
membrane ATPase of Saccharomyces cerevisie and Schizosaccharomyces pombe in stress
tolerance [141]. Later, the same group discovered that the similarity and functional overlap
of heat and ethanol stress responses were reflected in changes in the protein composition of
the plasma membrane, namely the reduced level of plasma membrane H (+)-ATPase protein
and in the induction of the plasma membrane-associated Hsp30 [142]. Notably, among
various stress-induced proteins there are some that are not typical Hsps, but instead proteins
with a ‘normal’ metabolic function.

3.7. Changes in lipid and fatty acid composition of membranes as a common adaptive
mechanism in response to thermally or chemically induced membrane perturbation
The vital cellular functions (enzyme activities, energetization, transport processes, etc) of
biological membranes are considered to be potential targets in hypothermic cell killing.
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Membrane-lipid composition, fluidity and nonbilayer propensity are implicated as key factors
determining the thermosensitivity of cells (reviewed in [143]). In order to understand the
development of stress protection, we have made a comparison of the effect of heat and BA
treatment on the changes that occur in lipid and fatty acid composition of membranes. Since
heat and BA induced fluidity changes and thermoadaptation acquisition occurred in the
absence of the formation of major Hsps we have also compared the response of WT E. coli
and mutant σ32 cells.
Lipid classes and fatty acid profiles of E.coli cells growing at 30°C or exposed either to heat
stress (43°C, 30 min) or treated with 30mM BA for 30 min were determined. Analyzing the
ratio of three lipid classes, caused by heat and BA treatment, it is obvious that cells tend to
undergo the same changes among the three lipid classes present in E. coli. The results
presented in Table 2 show an overall percentage increase of the acidic lipids, PG and CL,
upon heat shock and BA treatment, whereas the ratio of PE is decreased for both WT and σ32
cells.

Table 2. Changes in phospholipid composition of WT and σ32 mutant E. coli cells
subjected to a temperature upshift (43 oC, 20 min) or to benzylalcohol (BA) stress (30 oC,
30 mM BA, 20 min)

Phospholipids*
Treatment

σ32

WT
PE

PG

CL

PE

PG

CL

30°C

81.9±1.41

12.8±0.31

5.2±0.17

88.5±1.5

7.7±0.23

3.7±0.15

43°C

75.9±1.20

18.1±0.25

5.9±0.21

80.4±1.41

8.1±0.22

11.5±0.25

30mM BA

75.1±1.11

16.5±0.27

8.3±0.15

75.9±1.20

11.0±0.18

13.0±0.32

*Values are given as mean mol % of total phospholipid content ± S.D. of three independent
determinations
The overall decrease in the proportion of PE following both stress conditions may occur as an
adaptation to preserve the lamellar phase essential for membrane stability and function [144].
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Notably, changes caused in the relative levels of PE by heat and BA were more or less equal
in WT cells, whereas in the mutant BA caused a more drastic decrease than heat. It was also
noted that the relative increase in CL was maximally seen for σ32 mutant cells. The results
show that BA had a much greater impact on lipid changes as a stressor than heat. This means
that the chemical stressor BA introduced greater disorganization into the cell membrane than
heat, which was reflected in percentage changes in lipid classes that were more significant in
the mutant than in WT cells. Analyzing lipid composition in WT and σ32 mutant cells it is
notable that a very pronounced basal level difference could be detected (Table 2). It was
observed that σ32 cells had an elevated basal level of the PE phospholid, while the acidic
classes, PG and CL, were reduced. This is first observation that σ32 mutant E. coli cells
posses an obvious phenotypic alteration in their lipid composition.
Changes among membrane fatty acid composition in total lipids and separated lipid classes in
both types of cells (WT and σ32 mutant) revealed a tendency in fatty acid saturation at the
expense of its unsaturated counterpart either upon sub-lethal heat exposure or BA treatment
(Table 3). The fatty acids identified in the total phospholipid fraction are myristic (14:0),
palmitic (16:0), palmitoleic (16:1cis∆9), cyclopropane-heptadecanoic acid (cy17) stearic
(18:0) and cis-vaccenic (18:1cis∆11) acids. Both sub-lethal heat exposure and BA addition
increased the relative amounts of the saturated fatty acids (Table 3). An approximately onethird drop was observed in the proportion of 18:1cis∆11 in samples derived from heat-treated
(19.2%) and BA-treated cells (20.4%) relative to the control (29.8%) for wild type cells,
changes that were mirrored for σ32 mutant (Control 44.4%, heat treated 32.9% and BA
treated 40.8%). For the 16:1cis∆9 fatty acid a significantly greater reduction was found in
BA-adapted wild type cells (19.7% vs. 33.2%) as compared with their heat-adapted
counterparts (27.7 % vs. 33.2%), whereas the σ32 mutant cells surprisingly showed little
change (heat treatment 28.6 to 29.3% and BA treatment 28.6 to 28.8%). In contrast, whereas
18:0 remained basically unchanged following heat adaptation (1.1% to 1.5%), its level
increased markedly upon BA administration (1.1% vs. 5.9%). Once again this was not
reflected in the σ32 mutant (heat treatment 0.9 to 1.0% and BA treatment 0.9 to 0.6%).
Increases in the relative levels of the 14:0, 16:0 and cy17:0 fatty acids were also noted for
both the wild type and the σ32 mutant. The tendencies observed for the fatty acid profiles in
the total phospholipids are closely similar to those in the individual phospholipid classes, PE,
PG and CL (Table 3). The changes in the composition of the fatty acids meant that the double
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bond index (DBI) decreased in both the wild type and σ32 mutant cells in response to sublethal heat and BA treatment (Table 3). The DBI is a measure of the number of double bonds
per 100 fatty acid molecules and a decrease in this index represents a decrease in the number
of unsaturated fatty acids (or increase in saturation).

Table 3. Fatty acid composition of total phospholipids extracted from E. coli cells grown at
30 °C, and then exposed to heat shock at 43 oC for 20 min or to benzyl alcohol stress (30
mM, 20 min).

Wt
Acyl chain composition (mol %)

Treatment
14:0 16:0

16:1

cy17:0

18:0

18:1

DBI

14:0

16:0

σ32

16:1

cy17:0

18:0

18:1

DBI

30oC

3.5 28.4 33.2

4.0

1.1

29.8

63.1

2.4

22.2

28.6

1.5

0.9

44.4

73.0

o

43 C

6.4 40.1 27.7

5.0

1.5

19.2

46.9

3.3

31.1

29.3

2.4

1.0

32.9

62.2

BA
(30mM)

4.9 42.3 19.7

6.8

5.9

20.4

40.1

2.6

25.3

28.8

2.0

0.6

40.8

69.5

PE
o

30 C

4.5 31.1 31.2

4.2

0.8

28.2

59.4

2.0

23.9

31.8

1.4

0.7

40.1

71.9

o

43 C

8.4 41.5 25.2

5.0

0.9

19.0

44.2

3.3

33.2

30.5

2.5

0.9

29.6

60.1

BA
(30mM)

4.8 36.7 26.0

6.4

2.1

23.9

50.0

2.6

26.6

29.3

2.0

0.9

38.5

67.8

PG
o

30 C

1.9 30.1 16.7

1.7

2.6

46.9

63.6

0.5

16.6

19.2

0.6

1.4

61.6

80.8

43oC

3.0 39.5 18.2

2.5

2.6

34.2

52.3

1.0

27.7

19.6

1.2

1.9

48.6

68.3

BA
(30mM)

3.4 38.7 14.1

3.6

3.7

36.5

50.6

1.1

19.9

19.3

0.9

1.7

57.0

76.4

CL
o

30 C

2.4 25.5 28.0

2.0

1.5

40.6

68.5

1.7

20.3

23.1

1.3

2.4

51.2

74.3

o

43 C

4.5 37.1 25.4

2.7

1.6

28.7

54.1

2.4

27.8

25.6

1.2

1.5

41.5

67.1

BA
(30mM)

3.4 29.8 23.4

4.4

2.7

36.2

59.6

2.1

21.4

24.7

1.5

1.6

48.8

73.4

*Data are representative values selected from 5 gas-chromatographic analyses of the fatty
acid methyl esters.(In the table 16:1 represents 16:1cis∆9 and 18:1 represents 18:1cis∆11)
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It was also noted that the σ32 mutant had an elevated DBI (73%), relative to wild type E. coli
(63.1%) which was caused mainly by a much higher amount 18:1cis∆11 in the mutant cell.
Taking into account the higher amount of hexagonal phase forming PE and elevated
unsaturated fatty acid content, the σ32 mutant must be more thermosensitive irrespective of
the down-regulated heat shock protein synthesis.
Differences in melting point, molecular geometry and related non-bilayer propensity of
saturated/unsaturated lipid molecular species is well-established [3, 145-148]. Hence, an
increased saturated-to-unsaturated ratio within the fatty acyl chains generally represents
membranes with a decreased membrane fluidity and an elevated bilayer stability [3, 145, 146,
148]. The demonstrated alterations in lipid class and fatty acid composition monitored above
might imply that heat and BA share a highly overlapping, but not identical mechanism of
stress-induced membrane adaptation. In fact, similar results were obtained by Mejia and coworkers showing that the ratio of unsaturated to saturated fatty acids decreased during heat
shock and consistent changes occurred in a decrease of the excimerisation rate of the fluidity
probe, dipyrenylpropane [83]. These results, therefore, indicate that the control of membrane
fluidity during the HSR can be accounted for, at least in part, by an important change in the
fatty acid composition, which therefore maintains cellular homeostasis [83].
It has also been seen in Chinese hamster ovary cells (in culture) and in E. coli cells that
changes in their lipid composition occur when they are grown in the presence of ethanol,
pentobarbital, and the drug chlorpromazine, and that these changes where considered as both
an adaptive response and as part of the mechanism for the development of drug tolerance
[149]. Another compound, amidorone widely used as an antiarrythmic drug also promoted
changes in lipid composition as an adaptation to drug tolerance, providing the membrane
with physico-chemical properties compatible with membrane function, and thus
counteracting the effects of the drug [121]. Compensatory changes in lipid composition of E.
coli upon stress conditions referred to as homeoviscose adaptation, is considered a universal
adaptive response whereby membrane fluidity is regulated for optimal cellular function [88].
Evidence suggests that changes in physico-chemical properties of cellular membranes
imminently occur according to the homeoviscous theory of adaptation upon various stress
conditions, that let us imply that membranes are crucial modulators determining the extent of
stress-induced damage to cells and therefore cell viability. On the other hand, specific
members of Hsps are actively involved in the restoration/repair of damaged membranes in
heat-stressed cells by precise association at (or within) the membranes (reviewed in [143]).
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Members of Hsp70 family were shown to specifically, but non-covalently, bind certain
membrane fatty acids, namely palmitic and stearic acids [150]. Temporary association of
some Hsps with membranes re-establishes the lateral packing order (fluidity), bilayer stability
and membrane permeability and restores membrane functionality during heat-stress.
While much attention has been received by the Hsps, heat shock factors, heat shock elements
and the heat shock genes themselves, only limited study has been directed at the role of the
cell membrane and lipids in the HSR. However, lipids are known to be involved in the signal
transduction of stress or in the damage control process itself. It has also been observed that
heat and BA induced membrane elevated lipid-saturation that could protect sensitive
molecules from oxidative damage, for example, by creating localized hydrophobic
environments capable of excluding hydrophilic free radicals and peroxides [151]. Saturation
of thylakoid lipids by catalytic hydrogenation increases the thermal stability of membranes
[152, 153], as indicated by an elevation of the temperature at which lipids (mostly MGDG)
separate into the membrane-disrupting non-bilayer structures [154]. Phosphatidylglycerol, the
abundant acidic phospholipid in E. coli, is believed to be essential for cell viability, however,
it was revealed that a null pgsA (gene encoding phosphatidylglycerophosphate synthase that
catalyses the committed step in the biosynthesis of phosphatidylglycerol) mutant is viable if
the major outer membrane lipoprotein is deficient [155].
In yeast, it was also demonstrated that the heat sensitivity of two differently regulated stress
pathways, namely HSR and general stress response, depends on the fatty acid composition of
membrane lipids [85]. Another study in yeast also revealed that sensitivity to both heat and
oxidative stress was dependent on membrane lipid composition [156]. Moreover, as with our
experiments where BA pre-exposure induced thermal cross-protection, a mild heat shock
(37°C, 30 min) induced thermotolerance and cross-protection against oxidative stress.
However, exposure to a low concentration of hydrogen peroxide (H2O2: 0.1mM, 60 min) did
not induce protection against lethal temperature, although protection against lethal
concentrations of H2O2 was induced [156]. It appears that stress-protection and acquired
thermotolerance are under delicate control of intracellular protective system(s) where the
membrane lipid composition plays a very important role.
The results we obtained with heat and BA stressors suggests that primary adaptive changes
occur at the level of membranes and such changes might be caused by heat and alternative
stressors in a similar manner. In conclusion, the results shown in Fig. 8 suggest that BA
mimics the effect of high temperature, by causing fluidizing effects in E.coli cell membranes
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analogous to those of heat. In fact, we provided evidence that BA treatment at growth
temperature (30oC) leads to thermoprotection. It is likely, therefore, that there are
mechanism(s) in the membrane lipid-protein environment that are responsible for recognition
and transduction of these stress signals. Furthermore, the existence of such mechanism(s) is
well supported by the fact that all organisms, from bacteria to humans, regulate membrane
lipid composition in response to various stress factors (from temperature to metabolic
stresses).
3.8. Outer membrane permeability measurements by NPN fluorescence assay
After seeing significant changes in membrane lipid and FA composition upon heat and BA
stress in both WT and in σ32 mutant cells, membrane fractions were analyzed further, both in
vivo and in vitro. The stress adaptive reorganization at the level of outer and inner
membranes in stress management was examined using techniques allowing distinguished
monitoring of the two compartments in vivo. Fluorescence dye uptake, assayed with an
automated spectrofluorometer, served in our case as a convenient method to analyze and
quantify the effect of stress conditions on permeabilization of the outer membrane. The outer
membrane, containing substantial amounts of proteins and phospholipids, and in addition the
lipopolysaccharide (LPS) of the cell envelope, is a permeability barrier. When intact, it
excludes hydrophobic substances such as the lipophylic fluorescence probe 1-Nphenylnaphthylamine (NPN) but, once damaged it cannot prevent the entry of NPN to the
phospholipid layer thus resulting in a prominent fluorescence. NPN was therefore utilized to
detect alterations in the permeability of the outer membrane.
Both WT and σ32 mutant E. coli cells were analyzed for whether heat and BA caused a
disturbance in the cell permeability barrier. Both WT and σ32 mutant cells became permeable
in a range of temperatures coincident with onset of the HSR (40-45°C). BA addition during
heat treatment fundamentally disturbed the permeability barrier of both types of cells (WT
and σ32) even at low temperatures (Fig. 13). The temperature threshold for permeability
increase downshifted significantly (to 35-40°C). Such a shift in permeability is a direct effect
of the membrane fluidizer (BA). In our experiments we have compared whether the
membrane-fluidizing agent BA had a heat-analogous effect on the disturbance of the outer
membrane permeability barrier. We did not aim to test the post stress recovery of the
permeability. However, there is data demonstrating that protein translocation might play an
important role in the process of permeability barrier recovery.
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Fig. 13. The effect of BA on the outer membrane permeability of E. coli. Permeability was
measured after heat shock (50 °C, 10 min) in the presence or absence of 30 mM BA using
the fluorescence probe, 1-N-phenylnaphthylamine (NPN) (5 µg/ml). Fluorescence
intensities were normalized between the minimum and maximum levels corresponding to
the intact and fully permeabilized cells, respectively.

Results obtained by Yatvin and co-workers add to the growing complexity of the response of
organisms to heat stress. In addition to the stress-induced disturbance of outer membrane
permeability and the up and down shift in regulation of certain outer membrane proteins,
some proteins appear in the outer membrane fraction by means of simple translocation within
the first 10 seconds upon heat treatment [94]. These translocated proteins are integral
membrane proteins containing no signal-sequence and their translocation was heavily
influenced by the fatty acid composition of the membranes. Protein translocation occurred to
a greater extent and at lower temperatures in an E. coli unsaturated fatty acid auxotroph
mutant supplemented with longer chain fatty acids. The translocation may represent an
adaptive response to an altered environment enabling the cell to respond to stress by
stabilizing its outer membrane. The outer membrane also undergoes a process during heating
in the presence of EDTA. Blebbing and vesiculation can be observed, and blebs are gradually
released from the cell surface [97]. Also seen is a strain specific loss of outer membrane
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components like LPS (up to 40%), outer membrane proteins (OmpA and OmpF/C),
lipoprotein, periplasmic proteins, and phosphatidylethanolamine [98].
An additional heat shock immediately following the EDTA treatment had no effect on LPS
release, but it decreased the release of outer membrane proteins and reduced the leakage of
periplasmic proteins. This suggests that the temporary increase in outer membrane
“permeability“ caused by EDTA treatment was rapidly reversed by the redistribution of outer
membrane components, a process that is favored by a mild heat shock. Another study, using
the hydrophobic dye crystal violet, demonstrated heat-induced disorganization of the outer
membrane structure and as a consequence disruption of the permeability barrier function
which resulted in release of LPS in E. coli [157]. Similar to the present findings, a pressure
mediated outer membrane permeabilization was documented by monitoring on-line NPN
fluorescence in E. coli cells. Increased NPN fluorescence was interpreted as a sign of
reversible outer membrane damage, occurring prior to cell death or sublethal injury [158].
The importance of the outer membrane in heat stress management was also shown in a study
on the outer membrane phospholipase A (OMPLA), whose absence prevented the
degradation of phospholipids and corrected the degP temperature-sensitive phenotype by
inducing the two heat shock regulons Cpx and σE [159]. It appears that alterations in the
composition and permeability barrier function of membranes in varying organisms are
decisive factors in the processes of perception and transduction of heat stress into an
appropriate biological signal that triggers the transcriptional activation of heat shock genes.

3.9. Cell survival does not depend on potassium efflux
We have demonstrated that BA has a direct effect on outer membrane permeability. The
involvement of the inner membrane in the management of stress tolerance has also been
tested. E. coli cells (WT and its σ32 mutant) were heat shocked in the absence or presence of
30 mM BA for 30 min and potassium (K+ ions) efflux was measured in parallel with cell
survival. BA administration caused an immediate loss of K+ ions at temperatures as low as
30°C and this efflux was already completed at non-heat shock temperatures (Fig. 14). Despite
the fact that cells were leaky for K+ ions at sublethal temperatures (30-40°C) and the loss of
K+ ions was almost as high as 80%, cell survival was not affected at this range of
temperatures (Fig. 15). Notably, in Chinese hamster ovary cells a dose of heat, which
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rendered 98% of the cell population reproductively dead had no significant effect on the Na+,
K+, and Mg2+ (but not Ca2+) content at 28 h post-heat [160]. The authors concluded that heat-

Fig. 14. The effect of BA treatment on potassium ion efflux of E. coli

induced increase in Ca2+, and no effect on the Na+, K+, or Mg2+ content, did play an important
role in hyperthermic cell killing.
We have also demonstrated by flow cytometry experiments that the cause of K+ ion loss was
not due to the disruption of inner membrane integrity (AS SHOWN IN SECTION 3.8).
Therefore, we assume that K+ ion loss might occur through the activation of specific
potassium channels upon heat and BA stress. Indeed, two such potassium channels, KefB and
KefC, in E. coli are activated when cells are exposed to various toxins like methylglyoxal
(MG) or N-ethylmaleimide (NEM). The KefB and KefC systems were also activated by
iodoacetate (IOA) and chlorodinitrobenzen (CDNB), leading to a rapid loss of K+ ions and a
drop in the intracellular pH. However, as in the case with BA treatment, survival following
exposure to IOA or CDNB was found to be essentially independent on the K+ ion loss [161].
We showed that BA also did not exhibit significant toxicity in the concentration range that
activated K+ ion loss. Thus, the inner membrane is also sensitive to the early administration
of BA, but the leakiness of the membrane to potasssium ions does not affect the viability of
the cells. At the same time this event can be important in sensing membrane perturbation (by
heat ore other agents) that can lead to heat shock gene expression.
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Fig. 15. The effect of BA and heat treatment on E.coli cell survival estimated by
monitoring of cell growth. Maximum growth at 30oC for WT E. coli represents 100% cell
survival.

3.10. Study of the inner membrane integrity using flow cytometry
Flow cytometry was used to measure the overall integrity of the inner membrane with the
fluorescent probe ethidium homodimer, an analogue of the nucleic acid binding dye
propidium iodide. The method is based on the penetration of the dye through the damaged
inner membrane into the cell interior where it binds to nucleic acids and produces
fluorescence. Exponentially growing E. coli cells (WT) were treated with 30 mM BA or heat
shocked at 50°C for 10 min. Notably, neither BA treatment nor lethal temperature (50°C for
10 min) disturbed inner membrane integrity. We have shown that a very harsh treatment with
70% ethanol did result in the binding of etidium homodimer to the cells nucleic acid, as
reflected by the appearance of fluorescence (Fig. 16), indicating that the integrity of the inner
membrane had been disturbed. It is therefore concluded that despite the fact that temperature
and BA treatment challenge the passive permeability of both membranes the overall inner
membrane integrity during temperature and BA treatment remains intact. Previously it was
observed, using flow cytometry to investigate antibiotic resistance in E. coli, that loss of
viability and membrane integrity was not intimately related as one might expect. As was
assumed, the lack of correlation between these two important physiological parameters
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implies many others factors effecting cell viability that are independent of changes in
membrane permeability [162].

Fig. 16. Flow cytometric investigation of membrane integrity of E. coli cells. Cells were left
untreated at 30°C, treated with 30 mM BA or heated at 50°C for 10 min. As a control, 70%
ethanol was used to destroy both the membrane potential and the barrier function.
Ethidium homodimer uptake was followed by flow.

3.11. Measurement of lipid thermal transitions by differential scanning calorimetry of
isolated E. coli outer and inner membrane fractions
We used differential scanning calorimetry (DSC) to measure the thermotropic phasetransition of membrane lipids in isolated outer and inner membrane fractions. In order to
follow the adaptive reorganization of the two membranes upon heat and BA treatments
cytoplasmic and outer membranes were isolated by sucrose gradient density
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Fig. 17. DSC of the outer and inner membranes of E.coli showing thermal lipid phase
transition upon heat and BA treatment. 1), 30oC grown;2), 43oC adapted; 3), 30oC, 30
mM BA adapted cells and 4), 30oC, 30 mM BA addition.

ultracentrifugation and the thermal transition of lipids from gel to fluid phase was
determined. Membranes were isolated from cells grown at 30oC, heat-adapted to 43 oC for 30
min and cells adapted to 30 mM BA at 30oC for 30 min. To estimate the direct effect of BA
(“BA non-adapted state”) on the membrane phase state, membrane pellets isolated from cells
grown at 30oC were co-incubated with 30 mM BA. Altered membrane lipid phase transition
could be documented both upon the exposure of isolated membranes to BA in vitro, or in
membranes isolated from cells pre-adapted to heat (43°C) or BA (Fig. 17). Heat adaptation of
E.coli cells resulted in an upward shift in the temperature of gel-to-fluid phase transition (Tm)
in both types of membranes (12.8 → 17.6°C outer- and 12.7 → 19.5°C inner-membrane). In
a strictly similar manner to heat hardening, we observed adaptive changes also in the case of
BA treatments. Prompt addition of BA to the isolated membranes caused a dramatically
reduction in the phase transition temperature: (12.8 → 6.7°C outer- and 12.7 → 9.0°C innermembrane). If membranes were isolated from the BA-adapted cells, however, this
hyperfluidization effect of BA was obviously counterbalanced in both membrane
compartments (6.7 → 13.6°C outer- and 9 → 12.7°C inner-membranes). Obviously, the
effect of in vivo BA treatment on lipid phase transition can be interpreted as an adaptive
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rearrangement that is more pronounced in the outer membrane. Notably, the kinetics of BAinduced “hyperfluidization” followed by a slow recovery period measured on whole cells by
DPH (see above Fig. 8) was in good accordance with the DSC data.
The change in the thermotropic transitions of membrane lipids is known as one of the
mechanisms by which bacterial cells respond to a constantly changing environment. Early
studies on the phase transition of membrane lipids in E. coli revealed that a liquid-like state
of the lipid phase is required for proper membrane function [81]. Later it was demonstrated
by DSC, that E. coli normally maintains a heterogenous mixture of lipid molecules and, by so
doing, prevents strong lipid-lipid associations that lead to the formation of either liquid
crystalline clusters or extensive gel-like domains [163]. A study on the relationship of growth
temperature and thermothropic lipid phase changes in E. coli separated membranes, agreed
with our data in that the viscosity of both membranes increased as a function of elevated
growth temperature. However, the temperature of the phase change was shifted dramatically
with growth temperature in the outer membrane but not the cytoplasmic membrane [147]. In
our experiment a lipid phase transition change was observed in both outer and inner
membranes either upon elevated temperature or BA administration. The difference in the
results was probably strain dependent but might have occured due to the different techniques
used, where electron spin resonance spectroscopy using the fatty acid spin probe 5-doxyl
stearate was applied, whereas in our experiment the thermotropic phase behaviour was
monitored by DSC.
3.12. A new reporter system to study the promoters of cyanobacterial heat shock genes
We were also interested in studying the possible heterologous regulation of the
cyanobacterial heat shock gene promoters in an E. coli host, as an ideal model possessing
strong membrane fluidity control [6]. It is interesting to note that Synechocystis cell doesn’t
contain σ32 protein, the main heat shock transcription factor in E.coli. To achieve this, an
appropriate reporter system was required to study the promoter regulation of cyanobacterial
heat shock genes.
There are number of genes that are used as reporters in different organisms. Among these,
green fluorescent protein (GFP) has become a valuable tool for the detection of gene
expression in prokaryotes and eukaryotes [164, 165]. The fast and easy in vivo detection of
GFP as a reporter to quantify promoter activities is particularly advantageous. It has already
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been used to characterize three Hsp promoter elements, the heat shock transcription factor
σ32, the protease subunit clpB, and the chaperone dnaK [116].
In the present study Synechocystis dnaK, groEL, cpn60 and Hsp17 promoters were cloned
into the pASV3 vector carrying the gfp gene. The GFP assay was performed by measuring
the fluorescence intensity at an excitation wavelength of 395 nm and an emission wavelength
of 508 nm. Among four promoter probing vectors examined in the heat shock treatment
(42°C) experiments only the construct carrying GFP under the control of groEL promoter
showed a distinct increase in fluorescence intensity. However, we faced a number of
difficulties working with the GFP reporter. First, the protein required more time for its
chromophore cyclization at higher temperatures, which normally takes 95 min in normal
conditions. Therefore, after exposure of cells to heat (42°C) the cells needed a shift back to
initial growth temperature (30°C) for at least 30 min to allow an increase in fluorescence
intensity to be established. Thus, the delay in GFP folding prevented a real time in vivo
analysis of promoter activity.
Next we tested another novel reporter system based on the licB gene, which encodes a highly
thermostable enzyme 1,3-1,4-glucanase or “lichinase”. Regulatory regions of four
cyanobacterial genes were amplified by the polymerase chain reaction and cloned into the
pBluescript KS+. To quantify the activity of LicB the gel zimogram method was applied as
described in Materials and Methods. Two of the four cloned promoters, namely groESL and
cpn60, containing no obvious σ32 recognition sequences were able to direct the expression of
lichinase in E. coli (Fig. 18). It means that other factor(s) than σ32 also play role in E.coli
HSR which can be identical with (one of) the Synechocystis heat shock factor(s). Moreover,
the foreign genes were apparently regulated by the membrane fluidity (BA addition) of the
host cells. The level of the activation of cyanobacterial heat shock gene promoters in E. coli
cells exposed to heat stress simultaneously with the membrane fluidizer BA was additive or
synergistic.
In another study the stress-caused by simultaneous treatment with various chemicals such as
cadmium chloride, copper sulfate, ethanol, formamide, 4-nitrophenol, pentachlorophenol has
been tested in E. coli using luxCDABE and lacZ reporter genes. E. coli strains carrying
transcriptional fusions of four σ32 controlled E. coli heat shock promoters to luxCDABE or
lacZ reporter genes were induced by chemicals added singly or in pairs. It was noted that the
effect of such agents was synergistic rather than additive on the HSR [101].
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Fig. 18. Heat shock promoter activity as determined by the expression of the reporter licB
gene.

Our results indicate that E. coli seems to be an appropriate host for the study of the
membrane physical state dependent expression of “foreign” cyanobacterial chaperonin genes.
However, as Synechocystis hsp17 and dnaK promoters were not activated in an E. coli host, it
therefore appears that cyanobacterial regulatory sequences might not fulfill their function
completely in E. coli, despite the fact that some E. coli promoters seem to work appropriately
in Synechocystis [166]. The above finding is not so surprising, as there is no consensus σ32
sequence in Synechocystis heat shock promoter regions. The fact that groESL and cpn60
promoters are sensitive to heat and BA treatment in E. coli means that other HSR regulatory
factors than σ32 may also be present in E. coli.
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CONCLUSIONS
A comparative study of HSR upon high temperature treatment and chemical membrane
fluidization was carried out in the gram-negative bacterium E. coli. The evidence for and
against membrane involvement in HSR and acquired thermotolerance caused by both
physical (heat) and chemical (BA) stress has been re-examined.
1. Both sublethal heat exposure and BA treatment led to the acquisition of thermotolerance.
However, the mechanisms involved seemingly appear to be different since BA did not
cause protein denaturation and there was no induction of major Hsps as observed with
heat treatment.
2. Both stressors have a strong fluidizing effect, which triggered a stress adaptive response
that led to a recovery of the membrane fluidity back to its basal level in BA treated cells.
3. Heat and BA caused analogous changes in fatty acid composition and in the ratio of lipid
classes, as detected by gas chromatography and by thin layer chromatography. The
amount of saturated fatty acids among all lipid classes increased significantly at the
expense of its unsaturated counterpart as a result of both treatments. There was a
significant

decrease

in

the

ratio

of

the

non-bilayer

forming

lipid,

phosphatidylethanolamine. Notably, analogous changes in lipid/fatty acid composition
occurred in the σ32 mutant indicating that membrane adaptive changes occur
independently of Hsps in the cell. It is noted, that the fatty acid composition of σ32 mutant
cells showed big alteration compared to WT cells: namely there was a markedly increased
unsaturated fatty acid content in the mutant cell line. This was evident when looking at
DBI (double bond index). This increased unsaturation itself can explain the enhanced
thermosensitivity of the σ32 minus E. coli cells.
4. Examination of isolated outer and inner membranes revealed that the functionality of both
membranes was affected upon heat and BA treatment. As with heat, BA had a direct
effect in both types of cells (WT and its σ32 mutant). It was noted that the outer
membrane permeability barrier was disturbed and the inner membrane became leaky for
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potassium ions, however, these changes were not reflected in the survival of cells and the
overall inner membrane integrity.
5. Heat or the membrane-fluidizing agent BA caused similar changes in the thermotropic
phase behavior of membrane lipids in both outer and inner membranes as measured by
DSC.
6. Analysis of cellular compartments (cytosol, periplasm and membranes) revealed that a
common set of proteins was induced in response to heat and BA treatment. However,
proteins specifically induced by each stressor were also seen. The proteins identified had
very diverse cellular functions and included Hsps, transcription regulating factors and
metabolic enzymes.
7. Despite the fact that BA at the translational level did not induce the HSR, a Northern blot
analysis showed that heat shock genes were still activated even in the σ32 mutant,
although the precise spectrum of genes activated did vary.
8. Methodology to study heat shock gene regulatory elements upon various stress inducers
was developed. A novel reporter system was constructed using an extremely thermostable
enzyme 1,3-1,4 glucanase (lichinase) from the thermophilic bacterium Clostridium
thermocellum. It was demonstrated that the chaperonin Synechocystis heat shock
promoter elements were recognized in E. coli, and moreover, they were under membrane
fluidity control in this host.

The most important findings and future aims:

Our results showed that unlike severe heat, BA treatment caused no measurable protein
denaturation and heat shock protein synthesis in E. coli. However, both heat and BA
treatments resulted in “hyperfluidization” and a partial disruption of the permeability barrier
function of the lipid phases in both types of membranes, and lead simultaneously to the
transcriptional activation of heat shock genes. We showed that the fluidity is closely
regulated in E. coli and the documented increase in the saturated-to-unsaturated ratio within
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the fatty acyl chains as a result of heat or BA treatment generates membranes with a
decreased fluidity and an elevated bilayer stability that can withstand higher temperatures

The data of this dissertation indicate strongly that cellular membranes play a critical role in
thermal sensing/signaling, in protecting cells against heat injury and in the subsequent course
of cellular events that lead to thermotolerance. Attempts to connect total damage or change in
cellular membranes to cell death or malfunction, are probably too narrow in concept. There is
direct evidence for the heterogeneous distribution of membrane lipids and proteins in most
various systems including E. coli membranes. We assume that, rather than the overall
changes in the physical state of the membrane, the appearance of specific microdomains with
an abnormal hyperfluid state, locally formed non-bilayer structures or changes in
composition of particular lipid molecular species involved directly in lipid-protein
interactions are equally able to furnish a stimulus for activation of the heat shock genes. The
same membrane attributes may affect heat sensitivity of cells and the development of
thermotolerance. The identification of the critical local microdomains that are likely to
determine thermosensitivity within the cell membranes and their observation during, shortly
after and at longer time intervals post-heating by single molecule microscopy is in progress in
our laboratory.
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Summary
All organisms respond to environmental and physiological stress at the molecular level by the
synthesis of a conservative group of proteins called heat shock proteins. However, the precise
mechanism by which stress is sensed and leads to the activation of stress genes remains to be
defined. It is generally accepted that the accumulation of denatured and misfolded proteins
caused by stress is a signal for the induction of the stress response [89]. An alternative model
suggests that DnaK may act as a thermometer [167], whereas the ribosome sensor hypothesis
implies that stress protein genes are regulated at a level of the translation process [168].
Another alternative model considers that the cellular membrane as the first barrier to
extracellular stress signals and one of the most thermally sensitive macromolecular structures
and consequently might directly sense, titrate and transduce stress signals to the intracellular
environment [2-4, 126, 145, 169]. Early evidence in support of the “membrane sensor”
hypothesis was demonstrated in cyanobacterial cells treated with a very strong membrane
fluidizer, BA, which affected the threshold temperatures required for maximal activation of
heat-shock-inducible genes [4, 170]. Heat has a similar fluidizing effect on a cellular
membrane. Based on these data, the present study was designed to investigate the correlation
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between stress response activation, caused by heat or membrane fluidizing agent BA, and
changes in membrane physical state in gram-negative bacterium E.coli.
The effect of both stressors on the cellular membrane was tested using a number of
techniques. By using DPH as a fluorescent probe, it was demonstrated that BA induced
membrane hyperfluidization (similar to heat) during the initial phase of treatment, which was
followed by a fluidity recovery period in accordance with the concept of homeoviscous
membrane adaptation [88]. The membrane fluidity recovery period was in a good agreement,
with adaptive changes in the temperatures of the gel-to-fluid lipid phase transitions, that were
monitored in isolated outer and inner membranes from BA and heat stressed cells. The
disruption of the outer membrane permeability as a result of BA and heat administration was
demonstrated by monitoring fluorescence, when the outer membrane specific hydrophobic
probe NPN penetrated the phospholipid layer. The disruption of membrane permeability
barrier occurred in a range of temperatures (40-55°C) that coincided with temperatures that
triggered the HSR in heat stressed cells and, the addition of BA during heat treatment
amplified the effect of heat by shifting the temperature to as low as to 35°C. It is interesting
to note that the inner membrane remained intact both after heat and BA stress, as indicated by
the lack of florescence by the ethidium homodimer probe. Further, the effects of BA and heat
stress on physico-chemical parameters of cellular membrane were examined when cells were
analysed for their lipid/fatty acid composition. Both high temperature exposure and BA
treatment significantly affected the lipid and fatty acid compositions in E.coli membranes.
Cells exposed to heat and chemical stress revealed an overall decrease in the proportion of
the PE, a lipid that is prone to form non-lamellar structures. This can be considered as an
adaptive response by cells to preserve the membrane stability and function. Also, as a part of
this adaptive response, the amount of saturated fatty acids increased significantly in expense
of its unsaturated counterpart. However, there were differences in the levels of both acidic
lipids (PG and CL), which were increased following BA treatment relative to the control
samples (phospholipids from cells grown at 30°C), whereas heat stress affected
predominantly the PG content. The content of individual fatty acids differed as well in BAand heat-stressed cells. A significantly greater reduction in the amount of 16:1c9 was found
in BA-adapted cells (21.1% vs. 34.6%) as compared with their heat-adapted counterparts
(29.2 % vs. 34.6%). In contrast, whereas 18:0 remained basically unchanged following heat
adaptation (1.2% vs. 1.7%), its level increased markedly upon BA administration (1.2% vs.
6.3%). Such alterations in lipid class and fatty acid composition might also imply that heat
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and BA share a highly overlapping, but not identical, mechanism of stress-induced membrane
adaptation.
Based on previous data showing the effect of BA on the threshold temperature for heat shock
gene activation in cyanobacterium, we tested whether BA could also trigger the HSR in
E.coli. Northern blot analysis demonstrated that two major heat shock genes of E.coli were
induced upon BA treatment at growth temperature (30oC) in a concentration dependant
manner. The dnaK gene was as strongly induced by BA as seen by heat treatment, whereas
groEL was induced to a lesser extent relative to heat. Since in E. coli, heat shock genes are
transcribed in a σ32-dependant manner we also tested whether σ32 mutant cells failed to
exhibit the HSR upon BA and heat treatment. Interestingly, the mutant demonstrated the
presence of both transcripts (GroEL and DnaK) already at growth temperature (30°C) and
their levels were slightly reduced upon BA administration but yet upregulated at 46°C. This
finding not only supports the “membrane sensor” model, but it may imply that the
hypothetical sensory membrane domains engaged in the activation of individual heat shock
genes are differently localized.
To further follow the accumulation of the major heat shock proteins, DnaK and GroEL,
western blot experiments were carried out. In contrast to heat, BA treatment (30°C, 20 min),
resulted in membrane hyperfluidization, partial destruction of the permeability barrier in the
cell envelope, and nonetheless transcriptional activation of the key heat shock genes, but
failed to cause significant formation of these Hsps. BA stress did not affect the overall
protein synthesis neither, as revealed by radioactive carbon amino acid hydrolysate pulselabeling. This might be explained by the fact that unlike heat, BA treatment did not cause
significant protein denaturation, which is generally believed to be the primary signal inducing
the HSR that then leads to thermotolerence. On the other hand, cells preexposed to either
sublethal heat or pretreated with BA for 30 minutes developed thermotolerance. These data
as a whole suggest that thermotolerance is not always associated with Hsp synthesis.
As previously stated, early evidence in support of the “membrane sensor” hypothesis was
demonstrated in cyanobacterial cells treated with the membrane fluidizer, BA [4, 170]. To
facilitate the study of the HSR of cyanobacterial heat shock promoters we decided to
investigate the heterologous regulation of such promoters in E.coli.

Using an extreme

thermostable enzyme, 1, 3- 1, 4 βglucanase or lichenase, as a novel reporter it has been
shown that the promoter regions of both cyanobacterial chaperonins, groEL and cpn60,
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containing no obvious σ32 recognition sequences, are able to direct the expression of
lichenase in E.coli. Moreover, heat stress or membrane fluidizer, BA, are equally able to
stimulate the operation of cyanobacterial heat shock gene promoters, especially that of
groESL, in the E.coli host.
In conclusion, our results demonstrate that selective perturbation of the membrane’s physicochemical state (fluidity, permeability, lipid/fatty acid composition, lipid phase transition)
appears to be a sufficient criterion for triggering acquired thermotolerance and transcriptional
activation of heat shock genes in E.coli. Furthermore, E.coli was shown to be a suitable host
for studing the membrane physical state dependent expression of “foreign”, cyanobacterial,
chaperonin genes. Our data adds to the growing body of evidence suggesting that a more
complex, multicomponent sensory system, in which membranes represent one of the cellular
“thermosensors” involved in the HSR and acquisition of thermotolerence.
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Összefoglalás
Köztudott, hogy minden szervezet univerzális módon reagál az őt érő környezeti és
élettani stresszekre, nevezetesen megnöveli egy rendkívül konzervatív fehérje család, az un.
hősokk fehérjék (HSP) expresszióját. Az a mechanizmus azonban, amellyel a
legkülönbözőbb szervezetek érzékelik a stressz hatásokat, majd pedig megfelelő jelpályákon
át aktiválják a különböző hősokk fehérje géneket, mindezideig feltáratlan. Általánosan
elfogadott, hogy a stressz következtében denaturálódó vagy nem megfelelően feltekeredett
fehérjék halmozódása a stresszválasz egyik fő kiváltó tényezője. Egyes elképzelések szerint
egy hősokk fehérje, a DnaK is képes a celluláris hőmérő szerepének betöltésére, míg a
riboszóma szenzor hipotézis alapján a transzlációs mechanizmus bizonyos elemei
működhetnek termoszenzorként . Megint más feltevések alapján miután a sejtek membránjai
bizonyítottan rendkívül termoszenzitív makrostruktúrák, ezért a stresszhatások a membránok
szerveződése szintjén is generálhatnak olyan szignálokat, amelyek végsősoron elvezetnek a
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stresszfehérjék szintéziséhez. Ezen “membrán szenzor” hipotézis egyik korai bizonyítéka
volt, amikor kékalga sejtek membrán fluidizáló ágenssel (benzil alkohol, BA) való kezelését
követően a sejtek minden vizsgált hősokk génjének aktivációs küszöbhőmérséklete
számottevően csökkent. A hőstressz a BA-val analóg módon növelte a membránok fluditását.
Ezen adatok birtokában a jelenlegi munka során azt a célt tűztük ki, hogy összehasonlító
vizsgálatot végzünk E.coli sejteken. Követjük a hőstressz és a membránt fluidizálni képes de
nem toxikus BA által kiváltott adaptív válaszreakciókat a hősokk gének aktiválódása, a
hősokk fehérjék képződése ill. a membránok lipidösszetételének, dinamikai tulajdonságainak,
permeabilitásának, ill. fázisállapotának a szintjén.
A kétféle stresszor (hő, BA) membránra gyakorolt hatását több módszerrel követtük.
Az 1,6 difenil-hexatrient (DPH) használva fluoreszcens próbaként megállapítottuk, hogy a
BA kezelés a hőstresszel analóg módon okozott membrán hiperfluidizációt, amit a
membránok homeoviszkózus adaptációs elvének megfelelően egy fluditás relaxációs
periódus követett. A membrán fluiditás általunk megfigyelt normalizációja jó összhangban
volt a hő és a benzilalkohol kezelt sejtek izolált külső és belső (citoplamás) membránjaiban
mért gél-fluid lipid fázisátalakulási hőmérsékletek eltolódásaira kapott DSC adatokkal. A
külső membránok hő és benzilalkohol által okozott permeabilizációját a külső membránra
specifikus NPN fluoreszcens próba segítségével igazoltuk.A membrán permeabilitás
hőstresszel kiváltott dezintegrációjára a 40-45 oC-os tartományban került sor, ami egybeesett
a sejtek hőstressz válaszával, a stresszfehérjék indukciójával. A BA kezelés a termostresszel
kombinálva az adaptív válaszadó képesség jelentős amplifikációját idézte elő, aminek
következtében a E.coli sejtek válaszreakiója már kb. 35 oC-on indult. Fontos megjegyezni,
hogy a belső membrán mindeközben megőrizte teljes integritását, amint azt az etidium
homodimer jelölő segítségével igazoltunk.
Ezután mind a hő, mind pedig a BA hatását vizsgáltuk a membránok lipid- és zsírsav
összetételének szintjén. Jó összhangban az adaptív válaszreakcióknak a membránok
stabilitását és funkcionalitását szolgáló elsődleges szerepével megállapíthattuk, hogy a hő és
az alkalmazott kémiai stresszor egyaránt csökkentette a fordított nemkettősréteg lipidfázis
(HII) képzését kiváltani képes foszfatidil etanolamin (PE) szintjét. Érdekes módon, ezzel
párhuzamosan míg a hőstressz elsősorban a PG szint emelésével járt, a másik savas
foszfolipid osztály (CL) relatív szintnövekedését is igazolhattuk BA kezelésre. Míg általános
stresszválaszként a zsírsavak telítettség növekedését tapasztaltuk, az egyes zsírsavak szintjén
szintén detektáltunk stresszor (hő, BA) specifikus eltéréseket. Így a 16:1c9 számottevően
jobban csökkent a BA-adaptált sejtek összes foszfolipidjeiben (21.1 % vs. 34.6%), mint
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ahogy az csökkent termoadaptáció hatására (29.2 % vs 34.6 % ). Ugyancsak markánsan eltért
a sztearinsav (18:0) módosulása: szintje alig változott termoadaptáció közben (1.2% vs.
1.7%), ám jelentősen emelkedett BA stressz hatására (1.2 % vs. 6.3%). Megállapíthattuk,
hogy

a

zsírsavak

általános

telítettség

növekedése

a

membrán

hiperfluidizáció

kompenzációjaként, ill. a termotróp és polimorf lipid fázisátalakulások homeosztatikus
kontrol mechanizmusának részeként jól értelmezhetőek. Adataink megerősítették azt is, hogy
a membránok fizikai állapotára gyakorolt hatásukban analóg stresszorok nagyban átfedő, ám
mégsem azonos adaptív membrán változásokat indukálnak.
A továbbiakban a korábbi, cianobaktériumokon történt vizsgálatokhoz hasonlóan
követtük a BA hősokk választ kiváltó hatását, vagyis az egyes stresszfehérje gének
expresszióját. Northern hibridizációs vizsgálatainkkal igazoltuk, hogy a két legfontosabb
hősokkfehérje a DnaK és a GroEL génjei már a
indukálhatóak

BA

stressz

jelenlétében,

mégpedig

sejtek növekedési hőmérsékletén
a

membrán

fluidizáló

ágens

koncentrációjával arányosan. Míg a dnaK gén transzkripciós szintű aktiválhatósága BA és
hőstressz hatására kb. azonos mértékű volt, a groEL mRNS szintje kevésbé nőtt BA
adásakor, mint hőstressz közben. Mivel a E.coli hsp gének kifejeződésének közismert a σ32
transzkripciós faktortól való függése, σ32 mutáns sejtekben is elvégeztük a fentiekben
leírtakat. Érdekes módon a két stresszfehérje génjeiből átíródó mRNS a mutánsban már a
sejtek növekedési hőmérsékletén (30 oC ) mérhető mennyiségben volt jelen, ám míg szintjük
hőstresszre (46 oC) valamelyest növekedett, BA kezelésre inkább csökkent. Összeségében
megfigyeléseink nem csak a “membrán szenzor” hipotézis létjogosultságát igazolták, de azt a
lehetőséget is felvetették, hogy az egyes hősokk gének kontrolljában különböző lipid
összetételű (fiziko-kémiai állapotú) ill. lokalizációjú membrán domének vehetnek részt.
A továbbiakban a DnaK és GroEL fehérjék szintjeit követtük Western hibridizációval.
Igen meglepő módon azt tapasztaltuk, hogy szemben a hőstresszet követően kapottakkal, a
termostresszel analóg és membrán hiperfluidizációt, a permeabilitási barrier részleges
destrukcióját és legfőképpen a hősokk gének egyidejű transzkripciós aktiválását egyaránt
előidézni képes BA kezelés (30 oC-on 20 percig ) nem járt együtt a két legfontosabb chaperon
rendszert reprezentáló hősokk fehérje megnövekedett képződésével.. A sejtek fehérjéinek de
novo szintézisét radioaktív aminosav prekurzorral követve ugyanakkor bizonyítottuk, hogy a
BA bevitel a globális fehérjeszintézisre nem volt mérhető hatással.További fontos
megfigyelésünk volt, hogy ellentétben a hőstressz során kapottakkal, kisérleti körülményeink
között a BA stressz alkalmazása nem járt mérhető szintű protein denaturációval. Mivel mind
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a hőedzett, mind pedig a BA előkezelt sejtekben kialakult egy. kb. megegyező szintű szerzett
termotolerancia, bionyítékot szolgáltattunk ahhoz a mások által korábban szintén megfigyelt
tényhez, hogy a legfontosabb chaperon fehérjék növekedése feltehetően elégséges, ám nem
szükséges előfeltétele az un. szerzett celluláris termotolerancia kialakulásának E.coli
sejtekben.
Végezetül arra voltunk kiváncsaik, hogy a korábban bionyítottan membrán fluiditás
által (is) szabályozott cianobakteriális chaperonin gének promoterei, bár nyilvánvalóan nem
rendelkezvén σ32 felismerő szekvenciákkal, képesek-e ezen membrán fluiditás függő
szabályozottságukat megtartani a heterológ, E.coli sejtes háttérben. Ehhez a két
cianobakteriális chaperonin (Synechocystis PCC 6803 groEL ill. cpn60 ) promotereit az
extrém termostabilitású enzimet, az 1,3-1,4 beta-glukanaze-t (vagy lichenaze-t ) kódoló
riporter szekvencia elé klónoztuk. Az így készített
sejteket

ezután

növekvő

hőmérsékleteken

konstrukcióval transzformált E.coli

kezeltük

BA-val.

Meglepetésünkre

a

cianobakteriális promoterek (elsősorban a groESL esetében) a BA és hőstressz kezelésre
egyaránt aktiválhatónak bizonyultak, az idegen sejtkörnyezet ellenére.
Összefoglalva, eredményeink azt bizonyítják, hogy a sejtmembránok dinamikai
sajátosságainak, permeabilitásának, lipid fázisállapotának a hőstressz hatásával analóg kémiai
perturbációja (BA kezelés) elégséges előfeltételül szolgál ahhoz, hogy a sejtekben
bekövetkezzék a hősokk gének transzkripciós szintű aktiválódása, a membránok adaptív
átrendeződése ill. kialakuljon a szerzett termotolerancia. Mi több, a E.coli sejt alkalmas
“befogadni” és membrán fluiditás függő módon “működtetni” az idegen, cianobakteriális
chaperoninok promotereit. Eredményeink további bizonyítékot szolgáltattak ahhoz, hogy a
hősokk érzékelése még prokariótákban is egy bonyolult, sokkomponensű mechanizmus révén
történhet meg, és amelyben a membránok képviselhetik egyikét azoknak a lehetséges
“sejthőmérőknek”, amelyek részt vesznek a hősokk gének aktiválásában ill.a szerzett
termotolerancia kialakításában.
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