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Abstract

The small heat shock protein (smHSP) family has been
extensively studied in eukaryotic cells. SmHSP
assemble into large multimeric structures and possess
chaperone activity that can prevent protein
aggregation in vitro. Few studies on prokaryotic
smHSP are actually available and no smHSP from lactic
acid bacteria has been characterized at a biochemical
level to date. Here we report on the Lo18 membrane-
associated smHSP from the lactic acid bacterium
Oenococcus oeni. Using size exclusion
chromatography, nondenaturing pore-exclusion PAGE
and in vitro and in vivo cross-linking experiments, the
multimeric structure of Lo18 from O. oeni or expressed
in Escherichia coli was investigated. In vitro, Lo18 is
able to form a trimer and a higher oligomer which could
be a dodecamer. Experiments strongly suggest that
the same structures exist in vivo. First, Lo18 prevented
thermal aggregation of citrate synthase and lactate
dehydrogenase even at 60°C. These findings showed
that the prokaryotic smHSP Lo18 can function as a
molecular chaperone in vitro. Second, Lo18 did not
protect lactate dehydrogenase from thermal
inactivation and did not assist in enzymatic activity
restoration after thermal aggregation, suggesting that
other components may be needed for the refolding of
the enzyme in an active conformation. Third, we
showed that membrane association of Lo18 depends
on the temperature upshift. Moreover, expression of
this smHSP was induced by administration of a
membrane fluidiser, the benzyl alcohol, suggesting
that Lo18 expression could be regulated by the level
of membrane fluidity.

Introduction

All organisms synthesise a set of proteins in response to
environmental stresses. These are called heat shock
proteins (HSP), on account of their first identification after
heat shock (Watson, 1990). Among HSP, the low molecular

weight HSP or small HSP (smHSP) are the less conserved.
They share a conserved sequence with the α-crystallin
protein of the vertebrate eye lens, called the α-crystallin or
smHSP domain. This domain is preceded by a N-terminal
region that varies in size and sequence and is followed by
a variable C-terminal sequence (Leroux et al., 1997).

The smHSP have been studied mainly in mammals
and plants. A common feature of these smHSP is their
association to form large oligomeric complexes. Plant
smHSP assemble into complexes of size ranging from 200
to 300 kDa (Chen et al., 1994; Helm et al., 1997; Lee et
al., 1997). The typical oligomeric size of α-crystallin and
smHSP from mammals is between 400 and 800 kDa (Arrigo
and Welch, 1987). Several in vitro studies have shown the
ability of smHSP to interact with proteins. They stabilise
proteins which aggregate following heat or chemical
treatment (Leroux et al., 1997; Lee et al., 1997) : they
constitute molecular chaperones. Nevertheless, in most
cases smHSP are unable to protect test proteins against
irreversible thermal inactivation (Chang et al., 1996; Roy
et al., 1999). Recent data support the idea that smHSP
assist in the refolding of denatured proteins in the presence
of other chaperones (Ehrnsperger et al., 1997; Veinger et
al., 1998; Lee and Vierling, 2000). Then smHSP may
function as a reservoir that maintains heat-denatured
proteins in a state from which they can later refold with the
help of other chaperones. However, the role of these
smHSP is still unclear. At a cellular level, enhancement of
thermotolerance was demonstrated in Escherichia coli cells
expressing plant smHSP (Yeh et al., 1997; Soto et al.,
1999). This thermotolerance could be explained by a higher
protein thermostability.

Biochemical studies on prokaryotic smHSP were
conducted. The best characterised smHSP quaternary
structure is the 150 kDa trimeric complex of trimers formed
by Mycobacterium tuberculosis (Chang et al., 1996). Except
for the characterisation of E. coli smHSP IbpB (Veinger et
al., 1998; Shearstone and Baneyx, 1999; Thomas and
Baneyx, 1998), structure or function studies on prokaryotic
smHSP were performed in the cyanobacterium
Synechococcus vulcanus (Roy et al., 1999; Roy and
Nakamoto, 1998) in Methanococcus jannaschii (Kim et al.,
1998b) and Thermotoga maritima (Michelini and Flynn,
1999). In all cases, multimeric structure and in vitro
chaperone activity was demonstrated. Given the variability
in sequence and size of smHSP found in different
organisms, it is however still unclear whether all of them fit
into this scheme both structurally and functionally.
Therefore it is important to gather more information on
different members of this family to elucidate their implication
in stress response in prokaryotic cells.
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A relationship between membrane physical state and
the heat shock response (HSR) has been demonstrated
in the unicellular blue-green alga Synechocystis PCC 6803.
First, the smHSP HSP 17 was found to be thylakoid-
associated during heat shock and was induced by
membrane fluidity modulation. In Eukaryotes, similar
changes in smHSP localisation have been observed after
hyperthermia or ether treatment : indeed in fibrosarcoma
and ovarian cancer cells, HSP27 was relocated from
cytoplasm to the nucleus respectively after thermal stress
(Wissing and Jaattela, 1996) and ether treatment (Fujiwara
et al., 1999). Secondly, authors demonstrated that there
was a close correlation between thylakoid fluidity levels
and threshold temperature required for maximal activation
of heat shock inducible genes including dnaK, groESL and
hsp17 (Horvath et al., 1998). In the same way, Carratu et
al. proposed that perturbation of membrane lipoproteins
complexes are involved in the perception of rapid
temperature changes, and under heat shock conditions,
disturbance of the pre-existing membrane physical state
causes transduction of a signal that induces transcription
of heat shock genes in yeast (Carratu et al., 1996).

These results tend to demonstrate that physical state
of cell membranes is a sensitive monitor of environmental
changes which could regulate heat shock genes
expression.

Oenococcus oeni ( formerly Leuconostoc oenos) is a
lactic acid bacterium mostly responsible for malolactic
fermentation in wine (Lonvaud-Funel, 1999). Wine
represents a very harsh environment for bacterial growth,
with nutritional starvation, presence of sulphites, presence
of a high ethanol concentration, and an acidic pH. By its
ability to grow in a such hostile medium, O. oeni appears
as a good model for stress response studies. An 18 kDa
HSP called Lo18 belongs to the α-crystallin related, smHSP
family. Lo18 is strongly induced in several kind of stresses
(temperature, ethanol, sulphites, acidic pH) and during
stationary growth phase in O. oeni cells (Guzzo et al., 1997;
Guzzo et al., 1998). The protein is not detected during

Figure 1. Elution profile of Lo18 from a sephacryl S-200HR size exclusion
column (A) and reference curve (B). Lo18 elutes as two distinct peaks
corresponding to two species of approximately 229 and 57 kDa (♦). Elution
volumes are relative to a series of molecular weight standards (+), ß-amylase
(200 kDa), alcohol deshydrogenase (150 kDa), bovine serum albumin (66
kDa), carbonic anhydrase (29 kDa) and cytochrome c (12.4 kDa). The
estimated size of Lo18 were derived from the log(Mr) versus elution volume/
void volume standard curve.

A

B

Figure 2. Chemical cross-linking of Lo18. Samples of Lo18 were cross-
linked with the cross-linker BS, in absence (lane 2) or in presence (lane 3)
of competitor (BSA). Lo18 without BS (lane 1) is a control. Each reaction
was separated on a 12 % SDS gel and revealed with Lo18 antibodies.
Monomers and cross-linked products corresponding to dimers, trimers and
oligomers are indicated. The molecular weight markers (kDa) are also
shown.

Figure 3. Lo18 is detected in a three subunit complex on nondenaturing
pore-exclusion PAGE. Lane 1, native protein extract of O. oeni cells shocked
one hour at 42°C (15 µg) ; lane 2, native protein extract of TG1(pJMP2) (15
µg). Following electrophoresis, gel was blotted to nitrocellulose membrane
and reacted with Lo18 antibodies. Position and size of molecular mass
standards (kDa) are indicated. Arrow indicates the location of Lo18 complex.
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normal growth conditions. The corresponding hsp18 gene
was cloned from a genomic library of O. oeni constructed
in E. coli (Jobin et al., 1997). A fraction of Lo18 was found
to be peripherally associated with the cytoplasmic
membrane of O. oeni (Jobin et al., 1997). In this work, we
report the characterisation of some Lo18 properties. The
protein was purified to homogeneity and the native structure
was analysed in in vitro and in vivo conditions. Moreover,
in vitro chaperone activity was assayed and the relation
between Lo18 expression and membrane fluidity was
investigated.

Results

Multimeric Structure in vitro of Lo18
A common characteristic of smHSP is the formation of
oligomeric complexes. In order to contribute to the
knowledge of structural features of smHSP, we examined
the native structure of Lo18 after purification (in vitro).

Purified Lo18 (0.4 mg) was subjected to size exclusion
chromatography (SEC) over sephacryl S-200 HR. The
column was first calibrated with standards. Lo18 elutes as
two distinct peaks of equivalent size, with apparent
molecular masses of 229 and 57 kDa respectively (Figure
1). The protein sequence deduced from HSP18 DNA
sequence has a calculated mass of 16,930 Da. Because
five extra amino acids (Ile, Ser, Glu, Phe, Asp) were added
at the N-terminal sequence of purified Lo18 using the fusion
system, the new molecular mass of the polypeptide is
17,529 Da. According to this value, the 57 kDa form
suggests a trimeric structure. The presence of a 229 kDa
complex suggests that Lo18 can also form an oligomer
containing approximately 12 subunits.

To examine the oligomeric nature of the smHSP, the
purified protein was subjected to chemical cross-linking
using the homobifunctional cross-linker BS. According to
the method of Leroux et al. (Leroux et al., 1997), cross-
linking reactions were carried out in the presence of low
protein and BS concentration (to minimise non-specific
intermolecular cross-linking of non-oligomerized smHSP
subunits) and a 10-fold excess of BSA. Reactions were
analysed by western blotting with Lo18 antibodies (Figure
2). Whether BSA was added or not as a competitor, the
same result was obtained, showing that non-specific
intermolecular cross-linking did not occur. Lo18 yielded
distinct monomeric, dimeric and trimeric species. From the
band present in the high molecular mass range, it can be
concluded that Lo18 forms a higher-order oligomer which
is too large to be well resolved on the 12 % gel. This form
most likely corresponds to the higher form observed with
SEC. The additional band in lane 1 corresponds to traces
of MBP-Lo18 fusion; effectively, the immunoblot detection
with the MBP antiserum shows the upper band of lane 1
only. There was no band detected in the lane 2 and 3.

According to the SEC and cross-linking results, Lo18
seems to be able to form multimeric structures
corresponding to a dimer, a trimer and an oligomer.

Multimeric Structure in vivo of Lo18
To determine if Lo18 could form similar large complexes in
O. oeni cells, several in vivo approaches were performed.
A native protein extract of O. oeni heat-shocked for one

hour at 42°C was separated on a nondenaturing acrylamide
pore-exclusion gel (4 to 20%) (Figure 3). Western blotting
using Lo18 antibodies revealed a band below the 66 kDa
standard: a trimeric structure would correspond to a 51kDa
complex, so considering the resolution of a non denaturing
gel, this result is in favour of the trimeric structure. The
same result was obtained with a native protein extract of
an E. coli recombinant strain overproducing Lo18,
TG1(pJMP2) (Figure 3). The apparent mass of the complex
is in favour of a three subunit structure for native Lo18, as
we observed in vitro.

As a second approach, in vivo cross-linking
experiments with formaldehyde were carried out.
Formaldehyde cross-linking occurs via the formation of
methylene bridges between reactive residues (Lys, His,
Trp, Tyr, Arg). This means that in order to be cross-linked,
two reactive residues need to be in close vicinity. After
inducing heat shock for one hour at 42°C in FT80 modified

A

B

Figure 4. Immunoblott analysis of Lo18 in O. oeni cells (A) and TG1(pJMP2)
cells (B) cross-linked in vivo for 30 min with 1 % formaldehyde. C and F
correspond to control cells (untreated) and formaldehyde-treated cells,
respectively, while F96 correspond to samples heated for 20 min at 96°C.
In (A), lane T corresponds to O oeni cells cross-linked without Lo18 as a
control. Each reaction was separated on a 12 % SDS gel and revealed with
Lo18 antibodies.
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medium, the cells were treated with 1 % formaldehyde for
30 minutes. The proteins were separated by SDS-PAGE
and Lo18 cross-links were revealed by western blotting
with Lo18 antibodies (Figure 4A).

In addition to the band corresponding to the normal
molecular weight of Lo18, two major bands of 39.5 and
58.8 kDa and a higher band at the top of the gel were
observed. These bands were not or barely detectable when
the cellular extract was heated for 20 minutes at 96°C,
showing that the bands observed were specific cross-linked
products. These bands correspond to a dimer, a trimer and
a higher order oligomer of Lo18 and thus, correspond to
the bands observed with the BS cross-linker in vitro.
Nevertheless, Lo18 could be associated with unknown
cellular proteins in O. oeni and form heterologous
complexes. At this stage, it appeared difficult to distinguish
between homologous and heterologous multimeric
structures. To determine the nature of the components of
the Lo18 system, we took advantage of the recombinant
E. coli strain producing Lo18. Using the fomaldehyde for
the in vivo cross-linking and after SDS-PAGE and
immunoblotting, Lo18 was detected in at least three cross-
linked products (Figure 4B). Their apparent Mr were similar
to the Mr of Lo18 cross-linked products obtained in O. oeni.
In both bacteria, antiserum against Lo18 allowed us to
detect structures with Mr similar to the in vitro Lo18
complexes. These results and the trimer observed in vivo
with non-denaturing pore-exclusion PAGE suggested that
cellular Lo18 assembles into the same multimeric
structures as does the purified protein in vitro.

Lo18 Prevents Thermal Aggregation of CS and LDH
but Does Not Protect LDH from Thermal Inactivation,
Does Not Assist in Reactivation
Data suggest that the α-crystallin and related smHSP are
molecular chaperones that act in an ATP-independent
manner to prevent protein aggregation (Leroux et al., 1997).

Based on the sequence homology with smHSP, the effect
of Lo18 on CS and LDH aggregation was tested. CS and
LDH are well studied and are frequently used to examine
chaperone activity of smHSP.

When heated to 45°C and 60°C, CS (homodimer of
50 kDa subunits) and LDH (tetramer of 35 kDa subunits)
respectively began to form insoluble aggregates that could
be detected by light scattering. Under these conditions,
the addition of Lo18 prevented any detectable light
scattering. Aggregation of 300 nM CS monomer appeared
to be reduced upon addition of 100 nM Lo18 12mer (Figure
5). Increasing the amount of Lo18 improved the protective
effect. At a concentration of 733 nM Lo18 complex, the
aggregation was completely suppressed and corresponds
to a Lo18 complex to CS monomer ratio of 2.44. As a control
experiment, lysozyme added to CS at a concentration of
300 nM had no protective effect.

Similar maximal protection by Lo18 was observed at
a Lo18 to LDH ratio of 0.66. In this case, 400 nM Lo18
complex appeared necessary to suppress 600 nM LDH
monomer aggregation (Figure 6). Consequently, we can
notice that Lo18 seems to be more effective against LDH
aggregation at 60°C as compared with CS aggregation at
45°C.

Thermal aggregation of LDH is effectively suppressed
by Lo18. We further tested whether the enzymatic activity
of LDH was conserved. Since LDH aggregation was
completely suppressed at an Lo18 to LDH ratio of 0.66,
we used a ratio of 1 to be in optimal conditions. LDH alone
loses activity when heated 30 minutes at 51°C (data not
shown). In the presence of Lo18, the same result was
obtained, indicating that no protection occurs. After 30
minutes at 51°C, samples were shifted to 25°C and a
reactivation of LDH was observed. Nevertheless, no further
reactivation could be observed upon addition of Lo18 (data
not shown).

Figure 5. Lo18 protects CS from thermal aggregation. 300 nM CS monomers
was incubated at 45°C in the absence (!) or presence of increasing
amounts of Lo18 oligomeric complex (♦ 100 nM, " 200 nM, + 400 nM, !
733 nM). 300 nM lysosyme was added (") in the absence of smHSP.
Samples were monitored for their apparent absorbance at 320 nm, which
is indicative of light scattering due to CS aggregation. Lo18 alone did not
detectably aggregate in this assay.

Figure 6. Lo18 protects LDH from thermal aggregation. 600 nM LDH
monomers was incubated at 60°C in the absence (!) or presence of
increasing amounts of Lo18 oligomeric complex (♦ 200 nM, # 400 nM).
Light scattering was monitored as described in the legend of Figure 5. Lo18
alone did not detectably aggregate in this assay.
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Lo18 Localisation as a Function of Temperature Upshift
Lo18 was found in the cytoplasm and peripherally
associated with O. oeni membranes (Jobin et al., 1997)
after a temperature upshift (30 to 42°C). On the basis of
these results, we tried to elucidate if Lo18 localisation could
be influenced by temperature upshift, in order to determine
if a relationship could exist between the membrane
association of Lo18 and stress conditions. O. oeni cultures
in exponential growth phase were submitted to heat shock
at 42, 44 or 46°C and fractionated to separate membrane
and cytoplasmic fractions, as described in experimental
procedures. Until 44°C, the repartition in both fractions
appeared to be the same (Figure 7). After heat shock at
46°C, Lo18 was found associated to the membrane fraction
to a higher extent. But aggregated proteins could precipitate
with membrane fraction. Protein concentrations and total
protein profiles of membrane and cytoplasm fraction from
unshocked and heat shocked cells on SDS-PAGE (gradient
6-15%) were compared. No modification of protein
concentration and protein profile was observed, indicating
that no protein aggregation seems to occur in vivo, even
at 46°C (data not shown). These result allow us to suggest
that the increase of Lo18 in membrane fraction after thermal
treatment are not an outcome of protein aggregation but a
real change in sub-cellular localisation.

Influence of Membrane Fluidisation with BA on Lo18
Expression
The rapid increase in the membrane fluidity induced by
the direct physical effect of the temperature upshift during
heat shock is well documented (Mejia et al., 1995; Tourdot-
Maréchal et al., 2000). According to these results, we aimed
to determine if Lo18 expression could be induced by a
membrane fluidiser, like the benzyl alcohol (BA). O. oeni
cultures in exponential growth phase were incubated at
30°C in presence or absence (T-) of 60 mM BA. This

concentration, which not interfered with the growth of the
bacteria nor induced lethality, constituted a change of the
fluidity without another stress. In contrast, a concentration
of 120 mM BA decreases the cell viability from 5 log units
(data not shown). Ten minutes of incubation in presence
of 60mM of BA were enough to induce weakly Lo18
expression (Figure 8). The signal was optimum after one
hour of incubation. Other experiments demonstrated that
Lo18 expression was obtained between 30 mM and 100
mM BA. The modulation of GroEL synthesis was
investigated in O. oeni cells in presence of BA using specific
antiserum. No increase of this universal HSP synthesis
was observed (data not shown). In conclusion, the de novo
protein synthesis was the most striking for Lo18 in response
to change in membrane fluidity while the increase of GroEL
expression was not significantly modified.

Discussion

This study strongly suggests that Lo18 forms a multisubunit
complex in vitro and in vivo and can function as a molecular
chaperone in vitro in an ATP-independent manner.
Furthermore, an increase of the membrane-associated
Lo18 fraction was observed concomitantly with an increase
of the temperature upshift, and Lo18 was expressed under
membrane fluidisation conditions.

Structure
In vitro studies of Lo18 revealed a dimer, a trimer and a
higher-order form. The studies by Merck and co-workers
(Merck et al., 1992) suggest the existence of at least two
major sites of interactions between smHSP monomers :
one within the N-terminal domain, which permits the
assembly of the complex, and the other within the C-
terminal domain, which appears to have an inherent ability
to form smaller oligomers. The M. tuberculosis HSP 16.3
is nonameric and the nonamer can be dissociated into
trimeric species which are resistant to 4 M urea and 1 M
guanidine hydrochloride treatments (Chang et al., 1996).
These data suggest that the formation of smaller oligomers
and the assembly of the complex may involve different
regions of the protein and different types of interactions.
According to the SEC results, the trimeric species could
be the substructures of the higher-order oligomer which
could be a dodecameric structure. In this case, the

Figure 7. Immunoblott analysis of Lo18 in O. oeni fractionated cells, after a
heat shock with different temperature upshifts. Ce, Cy and Mb correspond
to crude extract, cytoplasm and membranes respectively. Fractionation was
realised on exponential growth cells after one hour at 30, 42, 44 or 46°C. 5
µg of each sample was separated on a 12 % SDS gel and revealed with
Lo18 antibodies. Arrow indicates the location of Lo18.

Figure 8. Immunoblott analysis of Lo18 after treatment of O. oeni cells with
BA. T- and T+ correspond to cells incubated one hour at 30 and 42°C
respectively in absence of BA. 10’, 20’ and 1h correspond to cells incubated
10 minutes, 20 minutes and one hour in presence of 60 mM BA. Each
sample was separated on a 12 % SDS gel and revealed with Lo18
antibodies. Arrow indicates the location of Lo18.
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dodecamer could be organised in a tetramer of trimers.
Nevertheless, the SEC method is based on comparisons
to globular standards. If Lo18 deviates from a globular
structure, the molecular weight observed by SEC may be
significantly different from a dodecamer. The cross-linker
BS was used in vitro as another tool to confirm our results.
Lo18 yielded discernible monomeric, dimeric, trimeric
species, and a higher-order oligomer which is too large to
be well resolved on the gel. Using this approach based on
cross-linking experiments, the major form detected was
the dimeric structure. This result suggest that the formation
of the dimer may be an important step during the
oligomerisation.

Cellular extract from heat shocked cells of O. oeni was
analysed on a nondenaturing pore-exclusion PAGE. A band
with a Mr which could correspond to a trimer of Lo18 was
observed. Moreover after in vivo cross-linking with O. oeni
cells, bands which could correspond to a dimer, a trimer
and a higher-order oligomer of Lo18 were revealed by
western-blotting using Lo18 antibodies. In such in vivo
experiments, there is a possibility that the observed
complexes are not composed of Lo18 exclusively. The
failure to detect in vivo complexes with other Mr than those
observed in vitro is not sufficient to conclude about the
nature of the components involved because in O. oeni,
potential substrates of Lo18 may have the same Mr as
Lo18. Thus, we aimed in a second step to analyse the Mr
of multimeric structures of Lo18 in a heterologous host such
as E. coli. In these conditions, the same Mr as in O. oeni
cells were detected, with nondenaturing pore-exclusion
PAGE and in vivo cross-linking. Taking together, these
observations strongly suggested that the multimeric
structures of Lo18 observed in vitro exist in O. oeni cells.
Multimeric structures of plant smHSPs were investigated
in vivo. Nondenaturing pore-exclusion PAGE showed a 340
and a 240 kDa complex for HSP 17.7 and HSP 18.1 from
Pisum sativum (Pea) respectively (Helm et al., 1997). Two
complexes of 200 and 230 kDa were observed with the
same method for the 21 kDa chloroplast smHSP from the
same organism (Chen et al., 1994). Recently Roy et al.
(Roy et al., 1999) suggested that the Synechococcus
vulcanus HspA smHSP assembles into two types of high
molecular weight complexes in vitro and in vivo.

Function
The smHSP family is much less conserved than the other
families of HSP. It has been shown in eukaryotic organisms
that α-crystallin and several related smHSP (Leroux et al.,
1997; Lee et al., 1995; Horwitz, 1992) can function as
molecular chaperones. Interestingly, few data are available
on smHSP from prokaryotic organisms and concern mostly
particular species of bacteria (Chang et al., 1996; Roy et
al., 1999; Kim et al., 1998b; Studer and Narberhaus, 2000).
For example, M. tuberculosis HSP 16.3 has been well
studied and chaperone activity was demonstrated for IbpB
from E. coli (Veinger et al., 1998; Shearstone and Baneyx,
1999) and HspA from the thermophilic cyanobacterium
Synechococcus vulcanus (Roy et al., 1999).

In contrast, smHSP were extensively studied in
eukaryotic cells. For example, C. elegans HSP 16.2
complex completely inhibited aggregation of CS at a molar
ratio of 1 compared to CS monomer (Leroux et al., 1997).

Concerning Lo18, complete inhibition of aggregation was
obtained at a molar ratio of Lo18 complex to CS monomer
of 2.44 at 45°C, whereas this smHSP was more effective
in protecting LDH from thermal aggregation at 60°C. In
the later case, complete aggregation was suppressed at
an Lo18 to LDH ratio of 0.66. Its capacity to protect LDH at
a Lo18 to LDH ratio of 0.66 at 60°C shows that this smHSP
is very stable and efficient at high temperature. Other
smHSP seem to be less stable : HSP 17.7 from Pea
aggregates at 55°C and HspA from Synechococcus
vulcanus is not able to completely suppress thermal
aggregation of CS and MDH at 50°C (Roy et al., 1999).

As Lo18 completely suppresses LDH aggregation, we
further tested wether the enzymatic activity of LDH was
protected. Experiments showed that Lo18 does not protect
LDH from thermal inactivation, nor assist in reactivation.
The same result was obtained with the purified malolactic
enzyme of O. oeni. While Lo18 is effective in suppressing
aggregation, other proteins may be needed for the refolding
to the native state and to protect enzymatic activity in vivo.
Murine HSP 25 and HSP 70 were shown to act in concert
in the refolding of CS in vitro (Ehrnsperger et al., 1997)
and it was shown that the smHSP IbpB from E. coli is a
molecular chaperone that assists the refolding of denatured
proteins in the presence of other chaperones (Veinger et
al., 1998). Recently, Lee et al. (Lee and Vierling, 2000)
showed that HSP 18.1 from Pea co-operates with heat
shock protein HSP 70 systems to reactivate a heat-
denatured protein.

Lo18 Localisation and Temperature Upshift
Lo18 was found in the cytoplasm and peripherally
associated with membranes in O. oeni (Jobin et al., 1997).
In order to determine if a relationship could exist between
the membrane association of Lo18 and stress conditions,
the effect of the temperature upshift on Lo18 localisation
was investigated. We demonstrated that after heat shock
at 46°C, Lo18 was found associated to the membrane
fraction in a higher extent, in comparison with lower
temperatures. Analysis of heat-treated Synechocystis PCC
6803 cells revealed that the two GroEL homologues
distribute both in the soluble and in the thylakoid membrane
fraction. After a sublethal heat-treatment of cells, an
increase of the membrane-associated GroEL fraction was
observed, as we showed for Lo18. Furthermore, this
increase of the GroEL membrane association was
observed concomitantly with an increase in the heat stability
of the photosynthetic electron transport machinery (Torok
et al., 1997). In the same way, temperature was also shown
to control the subcellular distribution of HSP 60 species in
Borrelia burgdorferi (Scorpio et al., 1994). Cytoplasmic
membrane is known to be the first target of environmental
changes such as thermal, ethanolic or acidic stresses. In
this context, modification of membrane fluidity occurs, with
a variation in lipid composition and in phospholipid/protein
ratio as an adaptive response (Dombek and Ingram, 1984;
Jordan et al., 1999; Annous et al., 1999; Garbay, 1994).
Horvath et al. (Horvath et al., 1998) proposed that
membrane association of chaperon may rigidify and
thereby stabilise membranes under heat stress. Then, the
temperature upshift related to membrane association of
Lo18 could be explained by a role of the smHSP in
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stabilisation of membranes, in response to a membrane
fluidisation due to heat shock. Torok et al. (Torok et al.,
1997) present evidence that the soluble chaperonin GroEL
from E. coli can associate with model lipids membrane,
and suggest that during stress, chaperonins can assume
the function of assisting the folding of both soluble and
membrane-associated proteins while concomitantly
stabilising lipid membranes. In view to Lo18 membrane
association related to temperature upshift, and to Lo18
chaperone activity, we can speculate that this smHSP could
have a role in membrane and proteins stabilisation during
stress.

Lo18 Expression and Membrane Fluidity
According to a classical model, the major trigger of HSP
formation is the accumulation of denatured proteins in the
cytoplasm (Bukau, 1993). Nevertheless, other signal could
be involved in the heat shock response. Knowing that the
temperature upshift during heat shock induces a rapid
increase in the membrane fluidity (Tourdot-Maréchal et al.,
2000), the influence of cytoplasmic membrane fluidisation
on Lo18 expression was investigated. In order to act directly
on the membrane fluidity, we used the benzyl alcohol which
is known to be a membrane perturbing agent (Horvath et
al., 1998; Carratu et al., 1996). Lo18 expression was
obtained between 30 mM and 100 mM BA, with an optimum
expression after one hour in presence of 60 mM BA. The
specificity of the induction was reinforced by the stability
of the expression of GroEL. In the Cyanobacterium
Synechocystis, HSP 17 was found to be thylakoid
membrane-associated during heat shock and was induced
by membrane fluidity modulation (Horvath et al., 1998).
Furthermore, authors demonstrated that there were a close
correlation between thylakoid fluidity levels and threshold
temperature required for maximal activation of heat shock
inducible genes. In the same way, Carratu et al. proposed
that disturbance of the membrane physical state causes a
signal that induces transcription of heat shock genes in
yeast (Carratu et al., 1996). Combining all these
observations and our results, we can speculate that Lo18
expression could be regulated by the level of membrane
fluidity.

The exact role of Lo18 remains unknown. However,
this protein appears as an interesting model system to study
smHSP functions and their involvement in the membrane
stabilisation during a stress.

Experimental Procedures

Bacterial strains, media and plasmids
The bacterial strains and plasmids used in this study are
listed in Table 1. O. oeni IOB 84.13 was grown at 30°C in
FT80 medium (pH 5.3) (Cavin et al., 1989) modified by the
addition of meat extract instead of Casamino Acids.
Escherichia coli TG1 was grown in Luria-Bertani broth or
agar at 37°C. Erythromycin and Ampicillin were respectively
used at a final concentration of 200 and 100 µg/ml.

Materials
Pig heart citrate synthase (CS), rabbit muscle lactate
dehydrogenase (LDH), pyruvic acid, benzyl alcohol (BA)
and sephacryl S-200 HR molecular mass standards were
obtained from Sigma. Bis(sulfosuccinimidyl)suberate (BS)
was purchased from Pierce. Malate dehydrogenase (MDH),
NADH and NAD were from Boehringer.

Lo18 Purification
Construction of the malE-hsp18 fusion was based on a
protein purification system from New England Biolabs
(Beverly, MA) and plasmid pMAL-c2 was used as the
vector. hsp18 was PCR amplified with the following primers
Lo18E5' (5'-TTATAGGAGGAATTCGATATGGCAAAT-3')
and Lo18C3' (5'-CCAAGCTTAAGGAATTTAAAT-3') in
order to create 5'-end EcoRI and 3'-end HindIII sites. The
549 pb product was cleaved with EcoRI and HindIII and
ligated into EcoRI-HindIII digested pMAL-c2. The resulting
plasmid, pMAL18, carries the malE-hsp18 gene fusion
under tac promoter control. The gene fusion was expressed
in E. coli TG1 and the MBP-Lo18 protein fusion was purified
by affinity chromatography following New England Biolabs
recommendations. Purified MBP-Lo18 fusion was cleaved
with factor Xa (1 mg factor Xa for 100 mg fusion protein) at
4°C for 3 days. After cleavage, the sample was dialysed
against 20 mM Tris, 25 mM NaCl, pH 8 and was loaded
onto an anion exchange column. Proteins were eluted with
a 500 mM NaCl gradient and fractions containing Lo18
were dialysed against 50 mM sodium phosphate, pH 7.5
(buffer A).

Size Exclusion Chromatography (SEC) of Lo18
To estimate the size of the native smHSP complexes,
approximately 0.4 mg of purified Lo18 was subjected to
SEC over Sephacryl S-200 HR. The column (1×100 cm,

Table 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference

Strains

E. coli TG1 supE hsd∆5 thi ∆(lac-proAB) F’ (traD36 proA+B+ lacIq lacZ∆M15) (Gibson, 1984)
O. oeni  IOB 84.13 Malolactic enzyme (MLE +) Oenological Institute of Bordeaux

Plasmids

pGID023 Shuttle vector for E coli and gram-positive bacteria; derivative of pJDC9 containing (Hols et al., 1994)
the pE194 replication function; Emr

pJMP2 pGID023 containing a 2,1-kb fragment from O. oeni carrying hsp18 gene (Jobin et al., 1997)
pMAL-c2 E. coli cloning vector used in the protein fusion and purification system Biolabs
pMAL18 pMAL-c2 carrying malE-hsp18 gene fusion This study
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Biorad) was first calibrated with the following molecular
mass standards: ß-amylase (200 kDa), alcohol
dehydrogenase (150 kDa), bovine serum albumin (66 kDa),
carbonic anhydrase (29 kDa) and cytochrome C (12.4 kDa).
The void volume was estimated using apoferritin (443 kDa).
Lo18 was centrifuged 10 min at 16,000 g to eliminate
potential aggregates and was separated on the column in
buffer A at 4°C. Samples were analysed on SDS gel and
the elution volume of each was used to estimate the
molecular weight.

Preparation of O. oeni and E. coli Native Protein
Extracts
For both strains, cell-free extracts were prepared from 100
ml culture with the appropriate medium. All procedures were
carried out at 4°C. After growth, cells were washed and
concentrated in refolding buffer (25 mM Tris-HCl, 25 mM
NaCl, 1 mM EDTA, 1 mM DTT, pH 8) in presence of 0.5
mM phenylmethylsulfonylfluoride (protease inhibitor) and
disrupted by sonication. Native protein extracts were then
analysed by nondenaturing pore-exclusion PAGE.

Acrylamide Gel Electrophoresis and Immnunoblotting
Sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed by the method
of Laemmli (Laemmli, 1970). Protein samples were loaded
directly or after trichloroacetic acid precipitation.

Nondenaturing pore-exclusion PAGE were performed
on a 4-20 % acrylamide (0.0 to 11.5 % glycerol) gel
according to the method of Helm et al. (Helm et al., 1993).
Samples were loaded onto gels precooled to 4°C and were
electrophoresed at 100 V for 8 h at 4°C. Molecular
standards were apoferritin (443 kDa), ß-amylase (200 kDa),
α-amylase (92 kDa) and bovine serum albumin (66 kDa).
Immunoblot analyses were performed as described
previously (Guzzo et al., 1990) with the polyclonal Lo18
antiserum diluted at 1:1,000. Peroxydase-conjugated
antibodies were detected using chemiluminescence (ECL;
Amersham).

Cross-linking of Lo18
Cross-linking reactions were performed with freshly
prepared BS according to the method of Leroux et al.
(Leroux et al., 1997). The reaction mixtures were
concentrated by trichloroacetic acid precipitation and
separated on a 12% SDS gel. Samples were finally
analysed by western blotting using Lo18 antibodies.

In vivo Cross-Linking with Formaldehyde
O. oeni cells were grown at 30°C in modified FT80 to an
OD600 of 0.5 and submitted to heat shock for one hour at
42°C to induce Lo18 synthesis. E. coli TG1(pJMP2) cells
were grown at 37°C in LB plus erythromycin to an OD600
of 0.5. Cells were pelleted by centrifugation, washed once
with PBS buffer and resuspended in the same buffer to an
OD600 of 0.5. Formaldehyde was added to a final
concentration of 1% (w/w) as described previously by
Derouiche et al. (Derouiche et al., 1995). The samples were
incubated for 30 min at room temperature without shaking.
After centrifugation and a wash with PBS×1, cells were
resuspended in 1 ml of 1× Laemmli sample buffer. For O.
oeni, cells were shaken 35 min in presence of 200 mg of 0

to 50 µm beads. After shaking, samples were centrifuged
10 min at 10,000 g to pellet beads, cellular fragments and
unbroken cells. Then, O. oeni and E. coli cellular extracts
were either heated 15 min at 40°C to maintain the
formaldehyde cross-links or heated 20 min at 96°C to
disrupt them. SDS PAGE was performed, followed by
western blotting with Lo18 antiserum.

Thermal Aggregation Measurements
The aggregation of CS and LDH upon thermal treatment
was determined by measuring the absorption due to
increased turbidity from light scattering at 320 nm in a
Beckman DU 640 spectrophotometer, thermostated at
45°C for CS and 60°C for LDH. 300 nM CS or 600 nM
LDH were combined with varying amounts of Lo18. All
experiments were performed in Buffer A and in a total
volume of 500 µl.

Thermal Inactivation Experiments
180 nM LDH was incubated in the absence or presence of
180 nM Lo18 in buffer A and in a total volume of 200 µl for
each point. At various time, LDH activity was assayed as
described previously (Garmyn et al., 1995).

Heat Shock Experiments and Cellular Fractionation
Exponential growth cells were shocked one hour at 42, 44
and 46°C and washed with 10 mM Tris-HCl buffer pH 8.
Then cells were broken and fractionated as described
previously by Jobin et al. (Jobin et al., 1997). For each
sample, 5µg of crude extract, cytoplasmic extract and
membranes were loaded on 15% SDS-PAGE for western
blotting or on 6-15% SDS-PAGE gradient for comparison
of protein profile. In each fraction, Lo18 was detected by
western-blotting and LDH activity was measured (Garmyn
et al., 1995).

Fluidity Manipulations with BA
Changes in the membrane fluidity of O. oeni were attained
by the administration of 60 mM BA (benzyl alcohol), a
generally used membrane fluidiser, during ten minutes to
one hour on 10 ml exponential growth cells. Negative and
positive controls correspond respectively to cells incubated
one hour at 30°C and 42°C. After centrifugation and a wash
with 10 mM Tris-HCl buffer pH 8, cells were concentrated
in 100 µl of Laemmli sample buffer. Cells were broken by
shaking 30 minutes in presence of 20 mg of 0 to 50 µm
beads. After centrifugation 10 minutes at 10,000 g, SDS-
PAGE was performed followed by western blotting with
Lo18 antiserum.

Protein Determination
The concentration of Lo18 and other proteins was
determined using the Bio-Rad protein assay with bovine
serum albumin as the standard (method of Bradford). The
concentrations of Lo18 indicated in the text refer to the
complexes composed of 12 sub-units. The concentrations
of CS and LDH refer to monomer.
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