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The Escherichia coli heat shock
protein ClpB restores acquired
thermotolerance to a cyanobacterial
cipB deletion mutant

Mats-Jerry Eriksson and Adrian K. Clarke
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Abstract In both prokaryotes and eukaryotes, the heat shock protein ClpB functions as a molecular chaperone and
plays a key role in resisting high temperature stress. ClpB is important for the development of thermotolerance in yeast
and cyanobacteria but apparently not in Escherichia coli. We undertook a complementation study to investigate whether
the ClpB protein from E coli (EcClpB) differs functionally from its cyanobacterial counterpart in the unicellular cyano-
bacterium Synechococcus sp. PCC 7942. The EcClpB protein is 56% identical to its ClpB1 homologue in Synecho-
coccus. A plasmid construct was prepared containing the entire E coli clpB gene under the control of the Synecho-
coccus clpB1 promoter. This construct was transformed into a Synechococcus clpB1 deletion strain (AclpB1) and
integrated into a phenotypically neutral site of the chromosome. The full-length EcClpB protein (EcClpB-93) was in-
duced in the transformed Synechococcus strain during heat shock as well as the smaller protein (EcClpB-79) that
arises from a second translational start inside the single clpB message. Using cell survival measurements we show
that the EcClpB protein can complement the Synechococcus AclpB1 mutant and restore its ability to develop ther-
motolerance. We also demonstrate that both EcCIpB-93 and -79 appear to contribute to the degree of acquired ther-
motolerance restored to the Synechococcus complementation strains.

INTRODUCTION selectively removing potentially toxic protein structures
(Parsell and Lindquist 1993). It is the combined actions
of these chaperones that make them essential Hsps for

cell survival at high temperatures.

All organisms synthesize heat shock proteins (Hsps) in
response to increasing growth temperature (Lindquist
and Craig 1988; Parsell and Lindquist 1993). Many of

these Hsps are now recognized as members of distinct
families of molecular chaperones, primarily based on
amino acid sequence homology and similar molecular
masses. Constitutive representatives of these families im-
pact directly on protein maturation, promoting activities
such as protein synthesis, translocation, folding, and as-
sembly into multimeric structures. Chaperones induced
during heat stress perform additional functions that in-
clude stabilization of protein structures, refolding of de-
natured polypeptides, and resolubilizing protein aggre-
gates. They also play a role in targeting irreversibly dam-
aged polypeptides for degradation by proteases, thereby
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One relatively new class of molecular chaperones that
also includes heat shock-inducible members is the
Hsp100/Clp (caseinolytic protease) family. The family
can be divided into 2 broad groups that are separated
further into subgroups based on specific sequence sig-
natures and other structural characteristics (Schirmer et
al 1996). Proteins in the first and main group are large
(79-105 kDa) and contain 2 distinct ATP-binding domains
separated by a spacer region of variable length. Five sub-
groups have been identified to date, termed ClpA-E.
ClpA is found exclusively in gram-negative bacteria like
Escherichia coli, ClpB in almost all eubacteria and eukary-
otes, ClpC in gram-positive bacteria, cyanobacteria and
plants, ClpD exclusively in plants, and CIpE in certain
gram-positive bacteria. The second group has only 2
members, ClpX and ClpY, that differ from the first group
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by having only 1 ATP-binding domain. ClpX is found in
all eubacteria and eukaryotes, whereas ClpY (or HslU) is
restricted to certain bacteria. Besides functioning as mo-
lecular chaperones, certain Hspl00 proteins (eg, E coli
ClpA and ClpX) also associate with a proteolytic subunit,
ClpP, to form an ATP-dependent Clp protease (Katayama-
Fujimura et al 1987; Wojtkowiak et al 1993). Within this
complex, the Hsp100 partner is essential for activating the
proteolytic activity of ClpP, which alone is inactive due
to steric restrictions and inaccessibility of the protein sub-
strate to the proteolytic active sites (Wang et al 1997). In
steps requiring ATP, the Hspl00 chaperone selectively
binds and unfolds the target polypeptide and then trans-
fers it into the degradation chamber of ClpP (Hoskins et
al 1998). Once inside, the unfolded protein is quickly and
indiscriminately degraded to small peptide fragments
that eventually diffuse out (Thompson and Maurizi 1994).

One of the best-studied Hsp100/Clp proteins is ClpB,
an Hsp found in almost all organisms studied to date. In
most eubacteria, a single gene codes for 2 different-sized
ClpB proteins (79 and 93 kDa) via a second translational
initiation site within the clpB transcript (Squires et al
1991; Eriksson and Clarke 1996). Different-sized ClpB
proteins are also synthesized in eukaryotes but are en-
coded by separate nuclear genes (Sanchez and Lindquist
1990; Leonhardt et al 1993). In yeast, both forms function
as molecular chaperones, with cytosolic ClpB (Hsp104)
resolubilizing protein aggregates that form during severe
heat stress (Parsell et al 1994), and mitochondrial ClpB
(78 kDa) preventing protein denaturation at high temper-
atures (Schmitt et al 1995). Yeast cytosolic ClpB does not
influence the cells” ability to withstand direct shifts to
severe high temperatures, but it is essential for the de-
velopment of thermotolerance (Sanchez and Lindquist
1990), which is the resistance acquired to an otherwise
lethal high temperature by being first conditioned to a
more permissive high temperature. Cytosolic ClpB from
higher plants can also confer thermotolerance to yeast
(Lee et al 1994; Schirmer et al 1994), suggesting shared
functional characteristics between eukaryotic homo-
logues. In contrast, loss of ClpB in E coli reduces cell vi-
ability after shifts directly to severe high temperatures,
but it has no effect on the acquisition of thermotolerance
(Squires et al 1991). This difference between the yeast and
E coli proteins suggested that the role of ClpB during heat
shock might differ somewhat in bacteria and eukaryotes.

In an earlier study we reported the cloning of the clpB1
gene from the unicellular cyanobacterium Synechococcus
sp. PCC 7942 (hereafter referred to as Synechococcus). We
demonstrated that unlike ClpB in E coli, the Synechococcus
ClpB1 protein was not involved in cell survival during
direct shifts to high temperatures but was instead im-
portant for the development of thermotolerance, similar
to the role of Hsp104 in yeast (Eriksson and Clarke 1996).
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However, like the E coli homologue, Synechococcus ClpB1
has all the characteristics typical of eubacterial ClpB pro-
teins. Structurally it is more related to ClpB in other eu-
bacteria as judged by primary amino acid sequence. Dif-
ferent-sized ClpB1 proteins are also induced during heat
shock as a result of dual translational initiation sites with-
in the single c/pB1 mRNA (Eriksson and Clarke 1996). To
investigate the apparent functional difference between
Synechococcus and E coli ClpB proteins during high tem-
perature stress, we examined whether E coli ClpB could
restore thermotolerance to the Synechococcus clpB1 inac-
tivation mutant (AclpB1). We now show that the E coli
protein can indeed complement ClpB1 and confer ther-
motolerance to Synechococcus, and that this function
seems to involve both the full-length and truncated forms
of ClpB protein.

MATERIALS AND METHODS
Culture conditions

Synechococcus cultures were grown on BG-11 plates or in
liquid BG-11 medium buffered with 10 mM 3-(N-mor-
pholino) propanesulfonic acid (pH 7.5) (Rippka et al
1979). Liquid cultures were grown in 80-mL glass tubes
in 37°C water tanks with continuous light of 50 wmol pho-
tons m~2 s~1. To avoid changes in antenna size the cul-
tures were bubbled with 5% CO, in air (1 mL s™1!). The
strains AclpB1, EcB, and EcB1 were maintained on BG-11
plates and in liquid precultures with 5 pg mL™! of anti-
biotic to maintain selection; kanamycin (AclpBI), chlor-
amphenicol, and kanamycin (EcB and EcB1). No antibi-
otics were added to the experimental cultures so as to
avoid any antibiotic-induced phenotypic changes.

Construction of E coli clpB complementation plasmid

To prepare the E coli clpB complementation strains, a new
plasmid was first prepared to facilitate recombination of
each complementation construct into a chromosomal site
of Synechococcus that tolerates genetic disruption without
causing phenotypic changes. This neutral site locus (NSL)
was chosen from the 2.8-kb site previously described by
Bustos and Golden (1992). From this NSL, DNA frag-
ments of 0.9 (NS 1) and 1 kb (NS 2) were polymerase
chain reaction (PCR) amplified from Synechococcus chro-
mosomal DNA and ligated in pUC-4K (Amersham Phar-
macia). Incorporated into the oligonucleotides used to
amplify the two NSL fragments were sites for selected
restriction endonucleases, thereby creating a multicloning
site between NS 1 and —2. The resulting 4.6-kb plasmid
(pPNSL) could therefore be used for transformation of Sy-
nechococcus via single or double recombination events.
For the first complementation construct pEcB, the entire
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Fig 1. Synthesis of E coli ClpB proteins in the Synechococcus AclpB1 mutant. (A) Structural representation of the plasmid construct pEcB
used to express the E coli clpB gene in the Synechococcus AclpB1 strain. The entire E coli clpB gene was cloned into pNSL under the
control of the heat shock—inducible Synechococcus clpB1 promoter. The chloramphenicol-resistance gene acting as selectable marker was
then inserted upstream of the clpB1 promoter. Flanking this construct were the 2 neutral-site loci (NS 1 and —2) to enable recombination of
the resulting plasmid (pEcB) into a phenotypically neutral region of the Synechococcus AclpB1 genome (Bustos and Golden 1992). The DNA
regions from the dual translational start codons (underlined) for EcCIpB-79 and -93 to 13 bases upstream are shown, along with the putative
RBS in bold. (B,C) Induction of ClpB proteins in wild-type Synechococcus and the complementation strain EcB. Wild-type (WT) and EcB
cultures were shifted from 37 to 48.5°C for 90 minutes. Cellular proteins were isolated at selected times and separated by polyacrylamide
gel electrophoresis on the basis of equal Chl content. (B) Immunoblot detection of SyClpC, SyClpB1-93, and —79 in WT, and SyClpC and
EcClIpB-93 and -79 in EcB using the yeast Hsp104 antibody. (C) Immunoblot detection of EcCIpB proteins in EcB using a specific polyclonal

antibody. Results are representative of 3 replicates.

clpB gene from E coli was isolated from the original clone
(pClpB; Squires et al 1991) in 2 steps. The first 900 bp
from the 5" end was PCR amplified in order to create a
Kpnl site upstream of start ATG and then restricted at the
Kpnl and 3’ native Ncol site. The remaining 1.9-kb 3’ re-
gion of clpB was then restricted from pClpB with Ncol
and HindIIl. A third fragment, a 200-bp region upstream
of the Synechococcus clpB1 gene that confers ~85% heat
shock inducibility of the native promoter, was also iso-
lated by PCR and restricted with HindIll and Kpnl. All 3
DNA fragments were then ligated together and inserted
into the multicloning site of pNSL at the vacant HindlIIl
site. Afterward, a 1.8-kb chloramphenicol-resistance gene
(Shapira et al 1983) was ligated just upstream of the 200-
bp clpB1 promoter fragment, resulting in the final pEcB
complementation plasmid (Fig 1A). The second comple-
mentation plasmid pEcB1 was made as for pEcB except
for PCR-created changes at the 3" end of the 200-bp clpB1
promoter fragment so as to alter the ribosome-binding
site (RBS) (Fig 4A). The E coli strain DH5a was the host
for all plasmids during construction of both pEcB and
pEcB1. Correct insertion of all DNA fragments in pEcB
and pEcB1 was confirmed by restriction digestion, and
all PCR-amplified DNA regions were sequenced to en-
sure no base errors.

Synechococcus AclpB1 cells were transformed with lin-
earized pEcB or pEcB1 according to the method of Van
der Plas et al (1990). Putative transformants were selected
on BG-11 plates supplemented with kanamycin and
chloramphenicol (5 pug mL! of each). Correct insertion of

each complementation plasmid into the NSL and com-
plete segregation within the AclpB1 genome was verified
by Southern blot analysis as described by Eriksson and
Clarke (1996).

DNA sequence analysis

Dideoxy sequencing of the PCR-amplified DNA regions
within the pEcB and pEcB1 constructs was performed us-
ing selected oligonucleotides and a thermal cycle ampli-
fication system (DYEnamicTM ET terminator cycle se-
quencing kit, Amersham Pharmacia). Sequencing reac-
tions were analyzed on an automated sequencer (ABI377,
Perkin Elmer) and viewed with the AutoAssembler soft-
ware (Perkin Elmer).

High temperature experiments

All experiments were performed with 37°C grown cul-
tures in early exponential growth phase at a chlorophyll
(Chl) concentration of 2 to 3 pug mL~t. Chl content and
cell number were calculated from whole cell spectra ac-
cording to Myers et al (1980). At time zero, a volume of
cells (20 mL) was taken from the 37°C cultures and trans-
ferred to an identical growth tube in a 48.5°C water-bath
for 90 minutes (heat shock and preconditioning treat-
ment), while another (20 mL) was transferred to a tube
at 54°C for 15 minutes (lethal heat treatment). After 90
minutes, the 48.5°C-treated cells were transferred to 54°C
for 15 minutes (thermotolerance treatment). For all tem-

Cell Stress & Chaperones (2000) 5 (3), 255-264



258 Eriksson and Clarke

Direct shift Pretreated cells

from 37°C  for 1.5h at 48.5°C
o @ e ¢ @ o 11
WT - & w & 1:10
$ 1:100
1:1000
1:5000
1:10000
EcB [ ] @ @9
- .

AclpBi ®+ e

0 51015 0 51015
Time at 54°C (min)

Fig 2. Cell survival assay for acquired thermotolerance in EcB
strain. Cells of WT, EcB, and Ac/pB1 grown at 37°C were shifted
either directly to 54°C for 15 minutes (left column) or first precondi-
tioned at 48.5°C for 1.5 hours before being exposed to 54°C for 15
minutes (right column). At the indicated time points, cells were re-
moved and serially diluted from 1:1 to 1:10 000 and then spotted on
BG-11 plates. Shown is a representative thermotolerance experi-
ment of 3 independent replicas.

perature shifts, the light intensity was maintained at 50-
pumol photons m—2 s~! and the culture continuously bub-
bled with 5% CO, in air. At each selected time, a given
volume of culture was taken for absorbance measure-
ments (1 mL), protein isolation (4 mL pelleted and frozen
in liquid N,), and cell survival determination (100 pL).
For cell survival determinations, the 100-pL volumes
were serially diluted in fresh, sterile BG-11 medium, and
then 5 uL from each dilution was spotted onto predried
BG-11 agar plates. Plates were grown for several days
under low light (~5 umol photons m~2 s7t) at 30°C. Cell
survival was determined from the number of colonies
counted under a light microscope and multiplied by the
appropriate dilution factor. Variations in cell number
within replicate cultures were normalized by dividing the
calculated number of viable cells from each temperature
treatment by the A/, (Eriksson and Clarke 1996). Three
independent replicas were carried out for all high tem-
perature experiments.

Protein sample preparation and Western blot analysis

Total proteins were extracted from frozen cell pellets ac-
cording to the method of Clarke et al (1993). Protein sam-
ples containing equal amounts of Chl (0.25 pg) were sep-
arated on 3-8% gradient polyacrylamide Tris-acetate
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NuPAGE gels (Novex, San Diego, CA) and transferred to
PVDF membranes (Immobilon Millipore Bedford, MA).
Hsp100/Clp protein were detected using the yeast
Hsp104 antibodies (antiserum 2-3; Parsell et al 1991). This
serum was generated in rabbits to a 16-amino acid syn-
thetic peptide corresponding to the Gly-rich loop of the
first ATP-binding site from the yeast Hsp104 protein, a
region highly conserved for all Clp/Hsp100 proteins. Be-
cause the Synechococcus ClpB1, ClpC, and E coli ClpB pro-
teins have identical amino acid sequences in this region,
this serum cross-reacts equally to each protein. A second
antibody was also used that specifically recognizes both
E coli ClpB proteins (Park et al 1993). All primary anti-
bodies were detected with a horseradish peroxidase—con-
jugated, anti-rabbit secondary antibody made in donkey
(Amersham Pharmacia) and visualized by enhanced
chemiluminescence (ECL, Amersham Pharmacia). All im-
munoblots were performed on samples from at least 3
independent replicate experiments. Density scanning of
X-ray films from each replicate immunoblot were carried
out with an Alphalmager and associated software (Alpha
Innotech Corp, San Leandro, CA).

RESULTS

Construction of E coli clpB complementation strain in
Synechococcus AclpB1 mutant

The entire cIpB gene from E coli was ligated into the pNSL
vector along with the chloramphenicol-resistance gene as
a selectable marker. A 200-bp fragment, containing the
high temperature-inducible promoter of the Synechococ-
cus clpB1 gene, was inserted upstream of the E coli clpB
gene (Fig 1A). This promoter fragment confers to selected
genes ~85% of the heat shock inducibility of the native
clpB1 gene in Synechococcus (Clarke and Eriksson, unpub-
lished). The resulting pEcB construct was transformed
into the Synechococcus AclpB1 strain (lacking the form of
Synechococcus ClpB protein necessary for acquired ther-
motolerance) and integrated into the chromosome via re-
combination at the neutral site locus. This neutral site
locus is a region of the Synechococcus chromosome that
causes no phenotypic changes upon transformation as
previously described (Bustos and Golden 1992). Correct
insertion of the pEcB construct into the neutral site and
its complete segregation were verified by Southern blot-
ting.

Synthesis of E coli ClpB in Synechococcus

Under standard growth conditions, the strain resulting
from transformation with the pEcB construct (ie, EcB) had
no obvious phenotypic changes from wild-type Synecho-
coccus and the original AclpBI mutant, as shown by its



generation time (7.5 = 0.5 h), pigment composition, and
cell morphology. The heat shock induction of the E coli
clpB gene under the control of the Synechococcus clpB1
promoter was analyzed in the EcB strain using the high
temperature stress conditions previously defined for Sy-
nechococcus (Eriksson and Clarke 1996). Wild-type and
EcB cultures were shifted from their standard growth
temperature of 37°C to 48.5°C for 90 minutes, and cell
protein extracts from each strain were analyzed by West-
ern blotting using a yeast Hsp104 antibody (Fig 1B) or
an E coli ClpB-specific antibody (Fig 1C). The first anti-
body was made to a highly conserved 16-amino acid re-
gion within the first ATP-binding domain of the yeast
Hsp104 protein and cross-reacts equally to the Synecho-
coccus ClpC (SyClpC) and both ClpB1 (SyClpB1) pro-
teins, as well as E coli ClpB (EcClpB). As shown in Figure
1B, the typical protein profiles for SyClpB1 and SyClpC
during heat shock were observed in wild-type Synecho-
coccus (Eriksson and Clarke 1996); ie, a high constitutive
level of SyClpC that remained unchanged throughout the
heat treatment, and heat shock induction of the normally
low constitutive level of full-length SyClpB1 (SyClpBl1-
93), with the truncated SyClpB1 (SyClpB1-79) induced to
a lesser extent. In the EcB strain, the high constitutive
level of SyClpC hides the heat shock induction of the
EcClpB-93 protein due to their similar molecular masses.
In comparison, the level of EcClpB-79 in the EcB strain
was significantly higher before and during the high tem-
perature treatment compared to the SyClpB1-79 protein
in wild-type Synechococcus.

To avoid the interference of the SyClpC protein, an an-
tibody specific to the EcClpB proteins was used to deter-
mine their heat induction profiles in the EcB strain (Fig
1C). Using this antibody, the EcClpB-93 protein in the
EcB strain was shown to have a similar induction profile
during heat shock as SyClpB1-93 in wild-type Synecho-
coccus, as was expected by their common gene promoters.
However, the amount of EcClpB-93 protein synthesized
in EcB was considerably lower relative to SyClpB1-93 in
wild type, as can be deduced by the amounts of EcClpB-
79 detected by both Hsp104 and EcClpB antibodies. In-
deed, the level of EcClpB-79 protein in the EcB strain was
many times higher than EcClpB-93, opposite to the nor-
mal proportion of both types of ClpB protein in both E
coli and Symechococcus (Park et al 1993; Eriksson and
Clarke 1996).

Restored thermotolerance in Synechococcus AclpB1
strain producing E coli ClpB

Thermotolerance assays were simultaneously performed
on the 3 Synechococcus strains; wild-type, EcB, and AclpB1.
The assay comprised of shifting each strain from the stan-
dard growth temperature of 37°C to either the severe tem-
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Fig 3. Quantification of thermotolerance developed in the EcB
strain. Synechococcus WT (O), EcB (H), and AclpB1 (A) cultures
grown at 37°C were either directly shifted to 54°C for 15 minutes (A)
or first preheated at 48.5°C for 1.5 hours before the shift to 54°C for
15 minutes (B). Average numbers of viable cells after each temper-
ature treatment are expressed as percentages of the value for the
37°C control (100%). All values are averages + SE for 3 indepen-
dent experiments.

perature of 54°C for 15 minutes or first pretreating them
at 48.5°C for 1.5 hours before the shift to 54°C. The devel-
opment of thermotolerance was determined by cell surviv-
al measurements, with samples taken at selected time
points, serially diluted, and then spotted on BG-11 plates
(Fig 2). Quantification of the degree of acquired thermo-
tolerance gained by each strain is shown in Figure 3.

As shown in Figures 2 and 3A, all 3 strains rapidly lost
viability upon the direct shift from 37 to 54°C. Although
the wild type was initially more resistant than the AclpB1
strain to this severe temperature treatment, this difference
became less significant by 15 minutes. More importantly,
the EcB strain exhibited the same degree of susceptibility
to the 54°C shift as did the AclpB1 strain. When cells were
pretreated at 48.5°C for 90 minutes prior to the shift to
54°C, the wild type developed higher thermotolerance
than the AclpB1 mutant (Figs 2 and 3B), similar to that
previously observed (Eriksson and Clarke 1996). In com-
parison, the EcB strain acquired 10 times the thermoto-
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Increased synthesis of EcCIpB-93 in Synechococcus AclpB1 mutant. (A) Structural representation of the second construct pEcB1

used to increase the amount of EcCIpB-93 protein synthesized in the Synechococcus AclpB1 strain. The pEcB1 was made as described for
pEcB in Figure 1A, except for the altered RBS (bold) upstream of the ATG start codon (underlined) in base position 1. (B,C) Induction of
ClpB proteins in wild-type (WT) Synechococcus and the complementation strains EcB and EcB1. All 3 strains were shifted from 37 to 48.5°C
for 90 minutes, and cellular proteins were isolated at selected times and then separated by polyacrylamide gel electrophoresis on the basis
of equal Chl content. (B) Immunoblot detection of SyClpC, SyClpB1-93, and —79 in WT, and SyCIpC and EcClpB-93 and -79 in EcB1 using
the yeast Hsp104 antibody. (C) Immunoblot detection of EcCIpB proteins in the EcB and EcB1 strains using a specific polyclonal antibody.

Results are representative of 3 replicates.

lerance of the AclpBl1 strain, demonstrating that the
EcClIpB proteins could restore thermotolerance to the Sy-
nechococcus AclpB1 strain.

Although EcClpB clearly confers increased thermoto-
lerance to the AclpBl1 mutant, the level of restored ther-
motolerance in EcB was less than that of the wild type
(Fig 3). However, being a heterologous protein, EcClpB
would not be expected to complement ClpBl1 function
completely and produce wild-type levels of thermotoler-
ance in Synechococcus. The 200-bp clpB1 promoter frag-
ment used in the complementation construct also pro-
duces ~85% of the high temperature—-induced expression
of the native cIpB1 gene (data not shown), thus decreasing
slightly the level of EcClpB produced in the EcB strain.
Another contributing factor could be the relatively small
amounts of EcClpB-93 synthesized in the EcB strain rel-
ative to the amount of EcClpB-79 (Fig 1C).

Construction of second E coli clpB complementation
strain in Synechococcus AclpB1 mutant

One likely explanation for the relatively low levels of
EcClpB-93 produced in the EcB strain was differential
translational efficiency for the EcClpB-93 and -79 pro-
teins. Examination of the 2 translational start domains for
both EcClpB proteins revealed sequential and positional
differences in the putative RBS. Seven bases upstream of
the start Valg,; codon for EcClpB-79 is an RBS with the
classical GGAGG motif, whereas the putative RBS for
EcClpB-93, originating from the Synechococcus clpB1 gene,
is less conserved and further away from the ATG (10 ba-
ses, Fig 1A). It is plausible, therefore, that the relatively
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high constitutive level of EcClpB-79 in the EcB strain is
due to increased affinity for available ribosomes, which
subsequently interferes with the translation of EcClpB-93
during both normal growth and heat shock.

To overcome the potential problem of differential trans-
lation, a second construct was made (ie, pEcB1) in which
the classical RBS site was added upstream of, and closer
to, the EcClpB-93 start codon (Fig 4A). Therefore, the only
difference between the pEcB1 and pEcB constructs was
the 13 bases upstream of the start Met. As for pEcB, the
new pEcB1 construct was transformed into the Synecho-
coccus AclpB1 mutant, and the resulting strain was termed
EcB1. Insertion of pEcB1 into the neutral site locus and
its complete segregation in EcB1 was confirmed by South-
ern blotting.

Increased levels of EcCIpB-93 protein restored higher
acquired thermotolerance

As for EcB, no phenotypic changes were observed under
standard growth conditions in the new EcB1 strain rela-
tive to the wild-type and AclpB1 strains. The levels of
EcClpB-93 and -79 were again examined during a high
temperature shift with the 2 separate antibodies, Hsp104
and E coli ClpB. In Figure 4B, the increased amount of
EcClpB-93 in the EcB1 strain can be seen as a substantial
thickening of the double EcClpB-93/SyClpC band. Using
the E coli ClpB-specific antibodies, around 10 times more
EcClpB-93 protein was detected in EcB1 than in the EcB
strain, both before and during the high temperature shift.
The EcClpB-79 content in EcB1 was also twice that in the
EcB strain (Fig 4C). In comparison to wild-type Synecho-



coccus, the amounts of EcClpB1-93 and -79 in the EcB
strain prior to and during the heat shift were consider-
ably higher than SyClpB1-93 and —79, despite being less
heat shock inducible (Fig 4B). Despite this, the relative
proportion of EcClpB-93 to -79 in EcBl was similar to
what is normally found in wild-type E coli (Park et al
1993) as well as for homologous ClpB proteins in other
eubacteria (Eriksson and Clarke 1996; Grandvalet et al
1999).

With the additional EcClpB-93 protein produced in the
EcB1 strain, its ability to develop thermotolerance was
directly compared to that of the first complementation
strain, EcB. The increased constitutive levels of both
EcClp-93 and -79 did not significantly increase the basal
resistance of the EcB1 strain to the direct shift from 37 to
54°C (data not shown). However, after preconditioning at
48.5°C for 90 minutes, the degree of acquired thermoto-
lerance in EcB1 was 3-fold higher than that of the EcB
strain (Fig 5).

DISCUSSION

E coli ClpB confers developed thermotolerance to
Synechococcus

In an earlier study we have shown that the heat shock
protein ClpB1 contributes to the development of ther-
motolerance in wild-type Synechococcus, the first such ex-
ample for a bacterial form of ClpB (Eriksson and Clarke
1996). Previously, ClpB involvement in the acquisition of
thermotolerance had only been demonstrated in yeast
(Sanchez and Lindquist 1990), in which it functions as a
molecular chaperone in the resolubilization of protein ag-
gregates that accumulate during severe heat stress (Par-
sell et al 1994). Plant ClpB homologues were later shown
to also confer thermotolerance to yeast (Lee et al 1994;
Schirmer et al 1994), suggesting that most eukaryotic
ClpB proteins function in a similar fashion. In contrast,
ClpB is apparently not involved in the development of
thermotolerance in E coli but instead contributes to the
basal tolerance of the bacterium to high temperature
stress (Squires et al 1991). In this study we examined
whether the seemingly different roles of ClpB during
high temperature stress in Synechococcus and E coli were
due to intrinsic functional differences in the 2 proteins.
We showed that the E coli ClpB protein could facilitate
the development of thermotolerance in the cyanobacteri-
um Synechococcus, suggesting the E coli protein has sim-
ilar functional properties as the Synechococcus ClpB1 pro-
tein. Indeed, the extent of thermotolerance conferred by
the EcClpB proteins to Synechococcus closely matched that
conferred by plant ClpB to yeast (Schirmer et al 1994).
Although E coli ClpB complements the function of
ClpB1 in Synechococcus, its apparent lack of involvement
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Fig 5. (A) Cell survival assay for acquired thermotolerance in EcB

and EcB1 complementation strains. Thermotolerance experiments
and cell survival determinations were done as described in Figure
2. Shown are representative experiments from 3 independent repli-
cas for each strain. (B) Quantification of thermotolerance developed
in the EcB and EcB1 strains. Synechococcus complementation
strains EcB (M) and EcB1 ([]]) grown at 37°C were preheated at
48.5°C for 1.5 hours before the shift to 54°C for 15 minutes. Average
numbers of viable cells after each temperature treatment are ex-
pressed as percentages of the value for the 37°C control (100%).
All values are averages * SE for 3 independent experiments.
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in acquired thermotolerance in E coli infers that the un-
derlying mechanism for this form of heat tolerance might
differ in certain eubacteria. In yeast, ClpB is essential for
the acquisition of thermotolerance (Sanchez and Lind-
quist 1990). It promotes the resolubilization of heat-de-
natured proteins that form large aggregates, initiating re-
folding of these proteins in cooperation with the DnaK/
Dna] chaperone system (Glover and Lindquist 1998). Sim-
ilar cooperation between ClpB and the DnaK system in
recovering aggregated proteins has also been observed in
E coli (Zolkiewski 1999) and Thermus thermophilus (Moto-
hashi et al 1999). Therefore, the role of ClpB as a molec-
ular chaperone would appear to be similar in both eu-
karyotes and eubacteria, initiating the reactivation pro-
cess of heat-aggregated proteins. This is further support-
ed by the observation that increased constitutive levels of
ClpB protein in yeast, as a result of ectopic clpB gene
expression, enhances cell survival to direct high temper-
ature shifts (Lindquist and Kim 1996), similar to the role
of native ClpB in E coli and other bacteria (Squires et al
1991; Allan et al 1998). Overall, these findings suggest
that the dissolution of heat-induced protein aggregates by
ClpB is critical for the development of thermotolerance in
wild-type yeast and cyanobacteria but not in E coli. In-
stead, this activity would seem to be more important in
E coli during direct shifts to extreme high temperatures,
during which the loss of ClpB has the greatest impact.

The truncated form of E coli ClpB contributes to
developed thermotolerance

Another interesting outcome of this study was the no-
ticeable contribution of EcClpB-79 to the restoration of
thermotolerance in the Synechococcus AclpB1 mutant. In
the first complementation strain EcB, the truncated Ec-
ClpB-79 comprised over 90% of the total EcClpB protein
produced, and yet the level of developed thermotolerance
was significantly higher than the original AclpB1 strain.
This suggests that the EcClpB-79 protein actively contrib-
uted to the acquired thermotolerance restored to the
AclpB1 strain. Although the exact role of the truncated
ClpB-79 remains unclear, its cotranslation with the full-
length ClpB-93 is a conserved feature for all known eu-
bacterial c/pB mRNAs. Previous studies of the 2 ClpB
types from E coli have proposed a regulatory role for
EcClpB-79. Although both forms of ClpB possess ATPase
activity, the truncated EcClpB-79 protein lacked the pro-
tein stimulated increase in ATPase activity exhibited by
EcClpB-93. This protein-stimulated activity was increas-
ingly inhibited by incorporation of EcClpB-79 subunits
into the EcClpB-93 oligomeric complex (Park et al 1993).
It was proposed that EcClpB-79 lacked a necessary pro-
tein-binding domain and thus regulated the function of
EcClpB-93. This interpretation implies that the truncated
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form of ClpB may autoregulate the chaperone activity of
the full-length ClpB and is thus not involved in the de-
velopment of thermotolerance in organisms such as Sy-
nechococcus. However, the results in this study would sug-
gest that ClpB-79 actively participates in the development
of thermotolerance in Synechococcus, a result we have re-
cently confirmed in a Synechococcus strain producing
ClpB1-79 but not ClpB1-93 (Clarke and Eriksson, in
preparation).

Translational regulation in Synechococcus

Another unexpected result of this study was the apparent
translational regulation that occurs in Synechococcus con-
ferred by the sequence and position of the RBS; a form
of regulation that to our knowledge has yet to be inves-
tigated closely in cyanobacteria. This regulation was first
apparent in the EcB strain, in which the amount of
EcClpB-79 produced during heat shock was many times
higher than that of EcClpB-93, in marked contrast to the
normal proportion of both ClpB forms in various eubac-
teria (Park et al 1993; Eriksson and Clarke 1996; Grand-
valet et al 1999). Although the clpB1 promoter fragment
included in the pEcB construct produces slightly less
heat-inducible gene expression than the native clpB1 pro-
moter (~85%), the amount of EcClpB-79 was higher in
the EcB strain than the corresponding SyClpB1-79 in
wild-type Synechococcus. Conversely, the level of EcClpB-
93 in EcB was many times lower than the amount of its
SyClpB1-93 counterpart in wild-type Synechococcus. Clos-
er examination of the complementation construct revealed
the high-affinity RBS (GGAGG) 7 bases upstream of the
start Valg;c for EcClpB-79 and the less conserved RBS
derived from the Synechococcus clpB1 promoter 10 bases
from the ATG start for EcClpB-93. Therefore, the rela-
tively high level of EcClpB-79 was almost certainly due
to a more efficient initiation of translation at the GGAGG
RBS, which concomitantly reduced the translational effi-
ciency of EcClpB-93. This was confirmed by simply
changing the RBS in the clpBI promoter to that of the
native E coli clpB promoter (GGAGG 5 bases from the
ATG) in the pEcB1 construct, which resulted in a dra-
matic rise in EcClpB-93 content along with a slight in-
crease in the amount of EcClpB-79.

One consequence of these findings concerning the RBS
is the apparent role this feature has on the regulation of
SyClpB in wild Synechococcus. It would appear that the
low constitutive level of SyClpB1 proteins is due not only
to a low level of clpB1 gene expression, but also to a less
efficient translation of the available c/pB1 transcripts. The
contribution of this translational repression is clearly
demonstrated by the high constitutive levels of EcClpB
proteins in the 2 complementation strains. Given that the
native clpB gene in E coli contains the GGAGG RBS at



both translational start codons, then the low constitutive
level of ClpB proteins in E coli would appear to be con-
trolled primarily at the level of gene expression. More-
over, the degree of heat shock induction of the EcClpB-
93 protein varied in the complementation strains depend-
ing on the origin of its RBS. Although the constitutive
level of EcClpB-93 was very low in the EcB strain, the
extent of its induction during heat shock was similar to
that of SyClpB1-93 in wild-type Synechococcus. In com-
parison, the high constitutive level of EcClpB-79 in EcB
rose much less. When the RBS for EcClpB-93 was altered
in the EcB1 strain, its degree of heat shock inducibility
dropped to that of the EcCIpB-79 protein despite its now
high constitutive level. When related to the SyClpB1 pro-
teins in wild-type Synechococcus, these results would sug-
gest that translational control also influences the increase
in SyClpB1 proteins at high temperatures. It is possible
that the level of heat shock inducibility of the EcClpB pro-
teins in the EcB1 strain reflects the increase in expression
of the clpB1 gene during heat shock in wild-type Symne-
chococcus. An increased affinity for ribosome binding at
the native RBS within the cIpB1 transcripts may then con-
tribute to the overall amount of SyClpB1 proteins pro-
duced in heat shocked Synechococcus. Although such
translational regulation of Hsp synthesis is rare in eu-
bacteria, there are several examples of ribosomal modi-
fications during heat stress in eukaryotes that may alter
ribosome binding specificity, including changes in the
phosphorylation state of certain ribosomal proteins with-
in the initiation region (Glover 1982; Duncan and Hershey
1989).
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