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Abstract

Background: Heat and cold shock response are normally considered as independent phenomena.
A small amount of evidence suggests instead that interactions may exist between them in two
Lactococcus strains.

Results: We show the occurrence of molecular relationships between the mechanisms of cold and
heat adaptations in Streptococcus thermophilus, a lactic acid bacterium widely used in dairy
fermentation, where it undergoes both types of stress. We observed that cryotolerance is
increased when cells are pre-incubated at high temperature. In addition, the production of a
protein, identified as ClpL, a member of the heat-shock ATPase family Clp A/B, is induced at both
high and low temperature. A knock-out clpL mutant is deficient in both heat and cold tolerance.
However lack of production of this protein does not abolish the positive effect of heat pre-
treatment towards cryotolerance.

Conclusion: Dual induction of ClpL by cold and heat exposure of cells and reduced tolerance to
both temperature shocks in a clpL mutant indicates that the two stress responses are correlated in
S. thermophilus. However this protein is not responsible by itself for cryotolerance of cells pre-
treated at high temperature, indicating that ClpL is necessary for the two phenomena, but does not
account by itself for the relationships between them.

Background

Although cold and heat shock are normally considered as
independent processes, recent evidence points to the
occurrence of interlock between them is some organisms.
Physiological experiments suggest that cold-shock
enhances heat tolerance of Lactococcus lactis sp. lactis
1L1403 [1]. Possible correlations between the heat and
cold shock regulons were suggested by i) the observation

of an increased level of Leuconostoc mesenteroides homo-
logues of the heat shock proteins DnaK and GroEL upon
cold-shock [2], ii) the cold induction of a group of small
heat shock genes in Lactobacillus plantarum [3,4] and iii) a
slight protection from freezing of Lactobacillus johnsonii [5]
and Lc. lactis sp. lactis [6] cells upon induction of the heat-
shock response. Conversely, heat-shock did not improve

Page 1 of 6

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16480499
http://www.microbialcellfactories.com/content/5/1/6
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

Microbial Cell Factories 2006, 5:6

100

80 1

60 A

40 |

20 1

Figure |

Survival of S. thermophilus SFi39 after freezing upon direct
freezing from 42°C (white bar), heat-shock pre-adaptation
(gray bar) and cold-shock pre-adaptation (black bar). Survival
(y-axis) is expressed as the percentage of surviving cells com-
pared to the number of cells prior to freezing (100). Cells
survival was tested one, two and three days (x-axis) after
freezing. Error bars indicate the coefficient of variation in dif-
ferent experiments.

cryotolerance of Lc lactis sp. cremoris strain MG1363 [7],
suggesting a strain specificity of this phenomenon.

An unidentified cold-inducible 45-kDa protein of Lc lactis
[8] was proposed to correspond to the heat-inducible
ClpX ATPase [9], a member of the large family of closely
related ATPases found in both prokaryotic and eukaryotic
cells [10], having multiple regulatory functions, included
a general chaperone activity and the ability to enable the
Clp proteases to recognize their substrates [11,12]. Thus a
ClpX function may be to promote the proteolysis of mis-
folded proteins after both cold or heat-shock.

In order to gain a deeper insight into the correlation
between cold and heat shock, we analyzed the phenome-
non in Streptococcus thermophilus, a moderate ther-
mophilic LAB widely used in dairy fermentation, where
cold and heat stresses are common. Here we show that the
synthesis of a 75 kDa protein is induced in both condi-
tions and this induction is essential for stress tolerance.

Results and discussion

Influence of heat and cold shock on S. thermophilus
cryotolerance

In order to investigate whether cryotolerance of S. ther-
mophilus cells during storage is improved by cold- and/or
heat-shock, aliquots of cells grown to middle exponential
phase at 42 °C were exposed to high and low temperature
shocks (30 min at 50°C and 4 h at 20°C, respectively),
then fractions of live cells were analyzed after one, two
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and three days of freeze challenge. Fig. 1 shows that cold
shock treatment gives a high protection to freezing, and,
in analogy to observations with Lb. johnsonii [5] and Lc.
lactis sp. lactis [6], an induction of the heat-shock response
gives a slight protection from freezing.

Enhanced cryotolerance was not detected when erythro-
mycin was present at sublethal concentration (2 pg/ml)
during heat and cold shock treatments (not shown),
which indicated that de novo synthesis of proteins is essen-
tial for freezing survival. This is not surprising, since, for
example, it is known that GroEL and DnaK are induced by
heat and cold stress in other LAB [4] and are involved in
heat and cold tolerance of Escherichia coli [13].

Heat and cold induction of a 75 kDa protein

In order to look for proteins induced by heat and cold
stresses, we performed a protein extraction followed by
SDS PAGE after exposure of S. thermophilus cells to the two
temperature shocks. In addition to a few bands most
likely corresponding to well known proteins accumulated
during the early phase of the heat shock response, a band
of apparent molecular mass of 75 kDa was induced by
both heat and cold (fig. 2). The two bands were eluted
from the HS and CS lanes and N-terminal sequenced. The
first 13 amino acids (MNNNFNNMDDLEN) were the
same for both and were identical to those of the ClpL pro-
tein of S. thermophilus [14] and to a previously reported 75
kDa heat shock induced protein [15]. Based on the N-ter-
minal 10 amino acids of the identified protein, we synthe-
sized a 30 b oligonucleotide that was used to perform
Southern hybridization with the Kpnl-digested SFi39
chromosome. A 1500 bp fragment was isolated, cloned
and sequenced; one 300 aa ORF starting with the expected
13 amino acids was identified (fig. 3) and resulted 99%
identical to the class IIT heat shock protein ClpL of S. ther-
mophilus CNRZ1066, a member of the ClpA/B ATPase
family [16].

Most class I1I heat shock genes are controlled by the class
III stress gene repressor CtsR, which binds to a specific
direct repeat referred to as CtsR-box [17]. The promoter
region of many clp genes contains a sequence homolo-
gous to the CtsR box (a directly repeated heptanucleotide,
A/GGTCAAANANA/G GTCAAA) [17].

In other LAB, CtsR operators were also found upstream of
several clp genes (L. sakei and S. salivarius) [17] and clpP,
ClpE, clpL, cstR-clpC genes of S. pneumoniae [18] and other
Hsp encoding genes, Lo18 of Oenococcus oeni, hsp16 of S.
thermophilus [17] and groESL of S. pneumoniae [18]. A
putative CtsR consensus sequence is also present in the
promoter region of the Sfi39 cIpL gene (fig. 3), 44 base
pairs upstream of the first transcribed nucleotide (identi-
fied by primer extension analysis, data not shown).
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Figure 2

SDS-PAGE of cell extracts of S. thermophilus SFi39, wild type
and clpLA, after growth at 42°C (lanes | and 4), after heat
shock induction (lanes 2 and 5) and cold shock induction
(lanes 3 and 6). Equal amounts of protein were loaded on the

gel.

clpL disruption reduces tolerance to heat and cold shock

In order to understand the function of ClpL in S. ther-
mophilus, we constructed a SFi39 mutant by cloning an
internal fragment of the gene in the pG+host9 vector [19].
SFi39 cells were transformed with the recombinant plas-
mid and forced for homologous recombination of the
plasmid into the chromosome. Chromosomal DNA iso-
lated from both wild-type and erythromycin-resistant
cells was analyzed by Southern blotting using a specific
clpL sequence as a probe. The absence of gene product in
the mutant was confirmed by showing that the ClpL band
present in the wild type was not present in the trans-
formed strain (fig. 2). The mutant obtained was named
clpLA.

Cells from the two strains were grown to middle exponen-
tial phase at 42°C. No difference in growth rate was

CtsRbox -35
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observed in these conditions. The cells were then heat-
shocked at 60°C for 1 hour. As shown in fig. 4, cIpLA cells
were less tolerant to heat-shock: one wild type cell out of
ten survived to the treatment, whereas mutant survival
decreased dramatically to 1 cell out of 100,000. This result
demonstrates that ClpL, in analogy to well known pro-
teins such as GroEL and Dnak, is involved in the protec-
tion of cells against heat.

Cold shock tolerance at 20°C of the mutant was tested by
measuring its growth, compared to the wild type, after
temperature downshift of cells pre-grown exponentially at
42°C. As shown in fig. 5, growth of the wild type contin-
ued after temperature downshift at a reduced rate as
expected, whereas the clpL mutant had to face a long lag
phase before restoration of growth at a rate comparable to
that of the wild type, which suggests that CIpL is required
for normal response to cold shock.

The slight protection from freezing of previously heat-
shocked wild type cells shown in fig. 1 was observed also
with the ClpL mutant (data not shown), which indicates
that the molecular relationship between cold and heat
stresses is a complex phenomenon in which the ClpL pro-
tein plays only part of the role.

Conclusion

It is well established that bacteria display adaptive systems
to adjust their metabolism to cold and heat shocks. We
show that pre-incubation of S. thermophilus cells at both
high and low temperature enhances their resistance to
freezing conditions, which supports the idea that cold and
heat shocks, normally considered as unrelated phenom-
ena, have in fact some relationships. At least one shock-
induced factor, the ClpL protein, is involved in both phe-
nomena, since we show that i) its synthesis is enhanced in

-10

TGGTCAGTAAAAGTCAAATTTTACACATTAACTAAAATAACACTTAAAAAATCACAAGAAA

RBS

ACACAGTATGAGGTGATTATATGAACAACAACTTTAATAATATGGATGATCTTTTCAATCAAT
M NN N FNNMDUDUL F N Q

TGATGGGTAACATGGGTGGTTTCCGTTCAGAAAGCCGTCGCTACATGATTAACGGTCG.//

LM GNMGGFI RS E S R RYMI

N G R../

AAAGAAAAAAATGCTAAATAAAAAGCATAGGAACTCCTAATCCGATTAATGAAGCAGAG

K E K N A K -

Figure 3

Promoter region and N-terminal domain of ClpL. The CtsR box, promoter sequences and putative RBS are underlined. The
first nucleotide transcribed and the N-terminal amino acids sequenced are in bold.
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Figure 4

Streptococcus thermophilus SFi39 (black bars) and clpLA (gray
bars) survival upon induction of heat shock (HS). Survival is
reported as the percentage (y-axis) of colony-forming cells
after the treatment compared to that after growth at 42°C
(100%). Error bars indicate the coefficient of variation in
three different experiments.

both conditions and ii) no correct response to either stress
is observed in a cIpL knock-out mutant. The finding that
this protein is not responsible by itself for the observed
phenomenon of cryotolerance of cells pretreated at high
temperature indicates that ClpL, although necessary for
correct response to both heat and cold stressess, does not
account by itself for the moleculr relationships between
them, which are most likely based on a more complex reg-
ulatory network.

Methods

Bacterial strains and growth conditions

S. thermophilus SFi39 was cultured at 42°C in M17 broth
(Oxoid) containing 1% lactose. Growth was monitored
by measuring the optical density at 600 nm (OD600) with
a JAS.CO spectrophotometer (model 7800). Erythromy-
cin was added at a concentration of 4 pg/ml. E. coli DH5a.
and EC101 were used as host strains in cloning experi-
ments and were grown in Tryptone Yeast (TY) medium
with aeration at 37°C [20]. Ampicillin and erythromycin
were used at concentrations of 50 and 100 pg/ml, respec-
tively. To study growth kinetics, 1% inoculated cultures
were grown at different temperatures. Growth was moni-
tored by measuring the optical density at 600 nm
(OD600).

Freeze-thaw challenge

To study the freeze-thaw survival capacity, with or without
preadaptation, S. thermophilus cells were quickly frozen at
middle exponential phase (OD600 = 0.5), after heat (30
min at 50°C) and cold shock (4 h at 20°C). Aliquots (1
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Figure 5

Growth curves of SFi39 (circles) and cIpLA (squares). After
the first hour of incubation at 42°C (arrow) cells were incu-
bated at 20°C.

ml) were spun down (5 min at 6000 rpm), resuspended
in 1 ml of fresh LM17 medium, subsequently frozen at -
20°C for 24 h, and thawed for 4 min at 30°C in a water
bath. The number of CFU was determined just before
freezing and after three consecutive freeze-thaw chal-
lenges by spread plating decimal dilutions. After 2-day
incubations on LM17 plates at 42 °C the numbers of CFU
were counted. The experiments were performed in dupli-
cate. Coefficient of variation was < 10 %.

Protein extraction and protein analysis by SDS-PAGE gel
electrophoresis

Protein extracts were obtained according to [21] and pro-
tein concentration was determined by the "BIO-RAD pro-
tein assay" method. Protein analysis was performed using
SDS PAGE. Equal amounts of protein (15 pg) were
applied on the protein gels and the protein content of the
extract was determined using Coomassie Brilliant Blue.

N-terminal sequencing

500 pg of protein was loaded on SDS-PAGE gel for detec-
tion of the N-terminus of specific bands using conditions
identical to the analytical gels. The proteins were blotted
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on a PVDF membrane using a Trans blot unit according to
the instruction of the manufacturer (Biorad, Richmond,
USA). The PVDF membrane containing separated pro-
teins was stained 1 min with Coomassie Brilliant Blue R-
250 (0.1% in water containing 50% methanol), destained
for about 10 min in a solution of 40% methanol plus 10%
acidic acid in water, and washed in water. Stained protein
band was cut from the membrane and subjected to the
Edman procedure. BlastP http://www.ncbi.nlm. nih.gov/
BLAST/BLAST.cgi was used to search for similarity in pub-
lic protein databases.

Southern hybridization with degenerated oligonucleotide
Based on the 10 N-terminal amino acids of the isolated
protein (MNNNENNMDD) a 30 b degenerated oligonu-
cleotide was synthesized (5'-ATGAAYAAYAAYTTYAAYAA-
YATGGAYGAY-3'; Y=T/C) and wused in Southern
hybridization with chromosomal DNA. Southern hybrid-
ization was performed at 37°C overnight, and the mem-
brane was washed 2 min at 37°C in 3XSSC, 0.1% SDS and
2 min at 37°C in 2XSSC, 0.1% SDS, before exposure to X
Ray film [17]. The probe was labeled with polynucleotide
kinase (Pharmacia, Biotech) ([y-32P]-ATP.

DNA manipulations

Chromosomal S. thermophilus DNA was isolated as
described previously [22]. Cells were transformed by elec-
troporation. E. coli cells were transformed by the CaCl2
procedure and plasmid isolation was carried out accord-
ing to standard procedures [20]. Restriction enzymes, T4
DNA ligase and other DNA-modifying enzymes were pur-
chased from Gibco-BRL Life Technologies, New England
Biolabs or Promega, and used as recommended by the
manifacturers. Cloning procedures, radiolabelling of
DNA fragments, agarose gel electrophoresis and South-
ern-blot hybridization were performed according to
standard procedures [20]. DNA fragments were isolated
from agarose gels by using the QIAquick gel extraction Kit
(QIAGEN).

Construction of the clpL insertional mutant

To construct an insertional mutant with a disruption in
the S. thermophilus clpL gene, a 1500 bp PCR fragment
(HCIDWEF primer: 5'-CTTITCAATCAATTG ATGGG-3';
HCIDEL482 primer: CATTTGWGAWACWGGRATWC-
CWGTCAT-3") was amplifed and cloned in the pG+host9
integrational vector [19] digested with EcoRI-Spel and the
resulting plasmid was designated pGh482. 1 x 108 S. ther-
mophilus competent cells were mixed with 500 ng of plas-
mid pGh482 and electroporated [23]. Transformed cells
were grown in anaerobic conditions in the presence of 4
pg erythromycin ml-1 at permissive temperature (30°C),
to allow plasmid replication. Integration of pGh482 into
the S. thermophilus chromosome was forced by growing
cells at 30°C up to 0.2-0.3 OD600, then shifting to 42°C
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and allowing cell growth for two generations (up to 1.2-
1.5 OD600). Cells were then diluted and plated on LM17
plates supplemented with 4 pg erythromycin ml-1 and
incubated anaerobically at 42°C.

Stress tolerance

For heat shock treatment, exponentially growing cells
(OD600 = 0.5) of Sfi39 and clpL mutant were transferred
to 60°C for 1 h. Cell survival was measured by plating on
LM17 at 42°C before and after incubation at 60°C. For
cold-shock treatments 50 ml cultures of Sfi39 and cipL
mutant were grown in LM17 medium to middle exponen-
tial phase (OD600 = 0.5), after which 25 ml of the culture
were pelleted (10 min x 4000 g) and re-suspended in the
same volume of pre-cooled medium (20°C). Cultures
were incubated at 20°C and ODG600 values were meas-
ured.
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