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Abstract Shewanella sp. Acl0 is a psychrotrophic bac-
terium isolated from the Antarctica that actively grows
at such low temperatures as 0°C. Immunoblot analyses
showed that a heat-shock protein DnaK is inducibly
formed by the bacterium at 24°C, which is much lower
than the temperatures causing heat shock in mesophiles
such as Escherichia coli. We found that the Shewanella
DnaK (SheDnaK) shows much higher ATPase activity
at low temperatures than the DnaK of E. coli (EcoD-
naK): a characteristic of a cold-active enzyme. The re-
combinant SheDnaK gene supported neither the growth
of a dnaK-null mutant of E. coli at 43°C nor A phage
propagation at an even lower temperature, 30°C. How-
ever, the recombinant SheDnaK gene enabled the E. coli
mutant to grow at 15°C. This is the first report of a
DnaK supporting the growth of a dnaK-null mutant at
low temperatures.
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Introduction

Most organisms prevail over heat and other stresses
by inducing heat-shock proteins (HSP) to prevent
aggregation and misfolding of intracellular proteins
under stress conditions. For example, the 70-kDa
heat-shock proteins (HSP70) including bacterial DnaK
not only directly catalyze refolding of misfolded pro-
teins, but also negatively modulate heat-shock regu-
lators, such as the RpoH of Gram-negative
proteobacteria, and the heat-shock factors of eukary-
otes. EcoDnaK cooperates with its cochaperones Dnal
and GrpE to maintain the homeostasis of heat-shock
gene expression and keeps intracellular HSP concen-
trations at appropriate levels through the cooperation
(Arsene et al. 2000; VanBogelen et al. 1987).

DnaK is an ATP-binding protein with ATPase activity
that assists protein folding through interaction with ATP.
Its affinities toward peptides and proteins are affected by
ATP-binding and its hydrolysis. Thus, the ATPase
activity of DnaK is crucial for its chaperone action.

Cold-adapted microorganisms including psychro-
philes and psychrotrophs (Morita 1975) are capable of
growing at temperatures as low as 0°C and have been
isolated from various cold environments such as Ant-
arctic seawater. Since they usually live in cold environ-
ments, they probably cause heat shock at temperatures
much lower than those for mesophilic microorganisms.
The DnaKs of cold-adapted bacteria are probably
characterized by their cold activities, i.e., high ATPase
activity at low temperatures.

We show here that an Antarctic psychrotroph,
Shewanella sp. Acl0, indeed causes heat shock at a
temperature as low as 24°C to accumulate intracellular
Dnak, which we have shown to be a typical cold-active
enzyme. We have found that the cold-active DnaK
enables recombinant Escherichia coli cells to grow at
15°C on its heterologous expression.
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Materials and methods
Basic methods and materials

The standard protocols of Sambrook et al. (1989) were
used for DNA manipulations. PCR was done with
Ex tag DNA polymerase from Takara Shuzo, Kyoto,
Japan. DNA sequencing was done by the dideoxy chain-
termination method with an Applied Biosystems Model
370A DNA sequencer. The E. coli MC4100 dnaK-null
mutant AdnaK52 (Paek and Walker 1987) was kindly
provided by Dr. C. Wada of the Institute for Virus
Research, Kyoto University. Plasmid pDNAIJ, an
expression vector for E. coli Dnal (EcoDnal), was
constructed by the introduction of the Sa/l-PstI inser-
tion in pDNAJ-A (Ohki et al. 1986) into the corre-
sponding sites of pMPM-T3 (Mayer 1995). EcoDnaK
was purified according to our previous method (Y oshi-
mune et al. 1998). Other materials purchased were oli-
gonucleotides from Biologica, Nagoya, Japan; Ligation
High (DNA ligation kit) from Toyobo, Osaka, Japan;
plasmid pKK?223-3 from Amersham Pharmacia Biotech,
Buckinghamshire, England; a DNA sequencing kit from
Perkin-Elmer Cetus, Perkin-Elmer, Wellesley, MA,
USA; a gelatin-agarose gel from Sigma, St. Louis, MO,
USA.

Sequence determination and cloning
of SheDnaK gene

Shewanella sp. Ac10 was cultured in a medium (pH 7.2)
containing 1.5% polypeptone, 0.1% yeast extract, 0.1%
glycerol, 0.3% potassium phosphate, 0.01% MgSO,7-
H,O0, and 3% sodium chloride with reciprocal shaking at
4°C. Its genomic DNA was used as a template for the
PCR amplification of a fragment of the SheDnaK gene,
by means of synthetic primers designed on the basis of
the amino acid sequences of highly conserved regions
among various DnaKs: 5-GGTATCGATCTAGGTA-
CAACTAACTCTTGTGT-3" and 5-TTCGATACCT-
AGTGATAAAGGCGTTACGTC-3". The amplified 1-
kbp fragment was further extended by gene walking with
a TaKaRa PCR in vitro Cloning Kit (Takara Shuzo) and
sequenced using the dideoxy chain termination method
with an Applied Biosystems Model 370A DNA
sequencer (Perkin-Elmer).

The SheDnaK gene was amplified by PCR with the
primers 5-GAG CCCGGGATGGGCAAAATTATTG-
GTATCGATTTAGG-3" corresponding to the N-ter-
minus (Smal site, underlined), and 5-TG CTGCAGTT-
AACTTACTTCGAACTCAGCATCAAC-3 corre-
sponding to the C-terminus (PstI site, underlined). The
PCR product was digested with Smal and PstI and
ligated into the corresponding sites of pKK223-3. The
SheDnaK gene in the resulting plasmid pACDK was
confirmed to have the correct sequence.

Overproduction and purification of SheDnaK

The EcoDnaK-deficient mutant AdnaK52 was used as a
host to avoid contamination with EcoDnaK. The
AdnaK52-pACDK cells were cultured at 37°C in a Luria—
Bertani’s (LB) medium supplemented with ampicillin
(50 pg/ml) and 1 mM isopropyl 1-thio-fS-p-galactoside
(IPTG) for 12 h, and then sonicated in 20 mM Tris—HCI
(pH 7.5) containing 20 mM NaCl, 0.1 mM EDTA, and
15 mM 2-mercaptoethanol. The cell extract containing
70 mg protein was applied to a gelatin-agarose column.
After washing with 20 mM Tris—HCI (pH 7.5) contain-
ing 0.1 mM EDTA, 15 mM 2-mercaptoethanol, and
0.5 M NaCl, SheDnaK was eluted from the column with
the same buffer supplemented with 3 mM ATP-Mg”*.
The homogeneity of the final SheDnaK preparation
(2 mg) was confirmed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE).

Immunoblot analysis of SheDnaK expression in
Shewanella sp. Acl0 cells

A rabbit was injected with 0.5 mg of the purified SheD-
naK with Freund’s adjuvant, followed by an injection of
the same amount of SheDnaK with incomplete Freund’s
adjuvant as a booster. Shewanella sp. Ac10 was grown at
4°C in the medium described above and then cultured at
different temperatures for an additional 1 h. The cells
were then harvested by centrifugation, suspended in
20 mM Tris—HCI (pH 7.5) containing 20 mM NaCl,
0.1 mM EDTA, and 15 mM 2-mercaptoethanol, and
disrupted by sonication. The cell extracts were suspended
in a cracking buffer (10 mM EDTA, 10% glycerol, 2%
SDS, 5% 2-mercaptoethanol, and 50 mM Tris—HCI
pH 6.8) and then boiled for 5 min. The same amount of
protein (10 pg) was subjected to SDS-PAGE. The pro-
teins in the gel were transferred onto a PVDF membrane
with a trans-blot SD Cell according to the manufac-
turer’s instructions. The anti-SheDnaK antibodies pre-
pared were diluted 5,000 times and used as a primary
antibody for immunoblot analysis with a horseradish
peroxidase-conjugated anti-rabbit IgG as a secondary
antibody and an ECL Western blotting detection
reagents (Amersham Biosciences Corp., Piscataway,
NJ, USA).

ATPase assay

We determined the ATPase activities of SheDnaK by
measuring the ADP formed from ATP in a mixture
(50 ul) containing 0.1 M Hepes-NaOH (pH 7.5),
150 mM KCI, 5 mM MgCl,, 1 mM DTT, 5 mM ATP,
and SheDnaK. The reaction was carried out at various
temperatures and stopped by addition of 5 pl of 20%
perchloric acid. ADP was determined by reversed-phase
HPLC with a COSMOSIL 5C18-MS column



(4.6x150 mm; Nacalai Tesque, Kyoto, Japan) in the same
manner as described previously (Yoshimune et al. 2002).

Effect of expression of SheDnaK in E. coli AdnaK52

Escherichia coli AdnaK52 transformed with pACDK
alone or pACDK plus pDNAJ was cultured in an LB
medium containing 0.1 mM IPTG at 15, 30 or 43°C.
Antibiotics were also supplemented to the medium:
50 pg/ml ampicillin alone for pACDK or together with
20 pg/ml tetracycline for pACDK plus pDNAIJ. The
transformants were further infected with 4 phage: 100 pl
of the culture was mixed with 10 pl (10° PFU) of a .
phage suspension followed by incubation at 30°C for
15 min. The titers of the 1 phages were assayed on LB
agar plates supplemented with IPTG and appropriate
antibiotics at concentrations described above after
incubation at 30°C for about 12 h.

Results and discussion

Heat-shock response and induction of DnaK synthesis
in Shewanella sp. Acl0

Shewanella sp. Acl0 grows well at 4°C, its apparent
optimum growth temperature being around 20°C, but
not at temperatures over 30°C, as described in a previ-
ous report (Kulakova et al. 1999). We examined whether
this psychrotroph shows a heat-shock response. The
temperature causing the heat shock, if any, is most
probably much lower than those observed with meso-
philes such as E. coli. DnaK is not only a heat-shock
protein, but also plays a key role in heat-shock response.
Therefore, we examined DnaK as a test protein for the
heat-shock response.

We determined the chromosomal DNA sequence
for the SheDnaK gene, cloned it, purified SheDnakK,
and prepared antibodies against it as described in
Materials and methods. Shewanella sp. Acl0 was
cultured at 4°C until the growth reached a mid-loga-
rithmic phase. The temperature was then elevated or
kept at 4°C, and the cultures were continued for
various periods of time up to 1 h. The cell extracts
were subjected to immunoblot analysis by application
of the same amount of protein (10 pg) as described in
Materials and methods. The amount of SheDnaK was
invariable at temperatures between 4 and 20°C, but it
increased about six times in 30 min at 24°C, which is
close to the upper limit for the growth temperature of
Shewanella sp. Acl0 (Fig. 1). This psychrotrophic
bacterium faces thermal stress under these conditions,
and heat-shock proteins are induced in the same
manner as E. coli. However, the threshold temperature
inducing heat shock is about 18°C lower than that for
E. coli: 42°C.
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Fig. 1 Immunoblot analysis of DnaK produced by Shewanella sp.
Acl10. Shewanella sp. Ac10 was grown at 4°C and subjected to heat
shock at 10 (m), 15 (A), 20 (O), 24 (e), or 28°C (0OJ) for the indicated
periods. The relative amounts of DnaK were quantified using the
NIH image program and expressed with the ratio of the values for
the heat-shocked cells to those for the untreated cells

The ability to cause heat-shock response is not nec-
essarily common to all organisms. Some cold-adapted
organisms are exceptional. For example, Euplotes

focardii, an endemic psychrophilic ciliate in Antarctic

coastal seawater, showed no obvious heat-shock
response in terms of Hsp70 synthesis (La Terza et al.
2001). Similarly, no heat-shock response was found for
the Antarctic psychrophilic yeast Mrakia frigida (Mi-
chelle and Kenneth 1998). Thus, Shewanella sp. AclO0 is
distinct from these organisms. This probably arises from
the difference in their habitats, whether or not they are
permanently cold.

Sequences of SheDnaK

We determined the nucleotide sequence of the SheDnaK
gene and found sequences characteristic of a heat-shock
promoter, recognized by the ¢°? factor at 87 (TA-
AAATGCTTGAA) and 59 (CCCCATATC) nucleotides
upstream of the initiation codon. Their consensus se-
quences are TNtCNCcCTTGAA at the —35 region and
CCCCATtTa at the —10 region (Cowing et al. 1985).
SheDnaK is encoded by 1,926 nucleotides correspond-
ing to 641 amino acids and has a predicted molecular
mass of 69,024 Da (Fig. 2). Three putative domains can
be assigned by comparison with those of EcoDnaK: the
N-terminal ATPase domain in the region from 1 to 385;
the central substrate-binding domain from 386 to 540;
and the C-terminal variable domain from 543 to 637.
SheDnaK exhibits 90% sequence identity with DnaK of
a mesophilic counterpart in the same genera S. oneid-
ensis (Heidelberg et al. 2002). The C-terminal domains
are the least conserved portions of the two Shewanella
DnaKs. It is therefore possible that the structure of the
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naK, in agreement with the difference in upper-limit
growth temperature for the two bacteria. The ATPase
activity of EcoDnaK was highly temperature-dependent
over the range relevant to viable temperatures for E. coli
(Fig. 3). McCarty and Walker (1991) suggested that the
is of physiological significance to be utilized for tem-
The dnaK-null mutant of E. coli lacks the ability to grow
at both ends of growth temperatures permissible for the
wild-type strain: 15 and 43°C (Bukau and Walker 1990;
Paek and Walker 1987). Moreover, the mutant cannot
propagate 4 phages even at the moderate temperature of

sharp dependence of its ATPase activity on temperature
perature sensing.

much lower than the optimum temperature for EcoD-

fairly active at this temperature with a relative activity of
about 20% of the maximum value at 35°C, which is

of E. coli with the SheDnaK gene

1994). DnaK undergoes a conformational transition Complementation of the dnaK-null mutant

from a low-affinity state to a high-affinity one concom-
itantly with its ATPase action. Substrate polypeptides

C-terminal domain is responsible for the cold adaptation
are weakly and tightly bound, respectively (Farr et al.

Fig. 2 Alignment of the amino acid sequences of DnaKs of
Shewanella sp. Acl0 (She), S. oneidensis (Son), and E. coli (Eco).
The conserved amino acid residues are boxed. The residue numbers
for each DnaK are shown

of SheDnakK.

It has been clearly shown that the ATPase activity of
DnaK is essential for its function (MaCarty and Walker
1998; Slepenkov and Witt 1998). We compared the
ATPase activity of SheDnaK with that of EcoDnakK at
various temperatures. EcoDnaK was almost inactive at
temperatures as low as 15°C. However, SheDnaK was

Temperature dependence of ATPase activity

of SheDnaK

400
401
450
451
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Fig. 3 Effect of temperatures on the ATPase activities of SheDnaK
(0) and EcoDnaK (e). The DnaKs (20 uM) were pre-incubated
with a mixture containing 0.1 M Hepes-NaOH (pH 7.5), 150 mM
KCl, 5 mM MgCl,, and 1 mM DTT at various temperatures for
5's. The reaction was started with the addition of 5 pl of 50 mM
ATP (the final concentration of ATP was 5 mM). The reaction
mixture was incubated for 5 min, and the ADP formed was
measured

30°C (Alfano and McMacken 1989; Bukau and Walker
1990; Zylicz et al. 1989; Paciorek et al. 1997). DnaK acts
cooperatively with Dnal and GrpE to rescue various
unstable proteins from aggregation or misfolding at
temperatures as high as 43°C.

We examined whether the recombinant SheDnaK
gene rescues the dnaK-null mutant of E. coli (AdnaK52)
to grow and propagate A phages. However, the amount
of EcoDnal in AdnaK52 cells is reduced due to a polar
effect of the chloramphenicol-resistant marker, down-
stream of the EcoDnal gene (Mogk et al. 1999; Szabo
et al. 1994). Therefore, we introduced this gene with a
plasmid pDNAJ together into AdnaK52. As shown in
Table 1, SheDnaK supported the growth of AdnaK52 at
15°C but not at 43°C. On the other hand, the re-
combinant SheDnaK failed to help the mutant to
propagate A phages at 30°C. Our results clearly show
that SheDnaK is fully active in terms of its ATPase
activity, not only at 30°C but also at 43°C as shown in
Fig. 3.

Gene encoding molecular chaperones, which are
transcribed with RpoH, a heat-shock transcription

Table 1 Growth rates at 15 and 43°C of E. coli W3110 strain and
AdnaK352 strain harboring the plasmid carrying the gene of SheDnaK,
EcoDnaK, or EcoDnal

W3110 AdnaK52 with the gene(s)

None SheDnaK
+ EcoDnal

SheDnaK EcoDnaK EcoDnal

0.19 0
0.37 0

15°C 0.21 0 0.2 0.14
43°C 0.67 0 0 0

The growth was monitored with the turbidity at 600 nm, and the
rates were calculated with the square-root model of Ratkowsky
et al. (1983) and expressed as h™!
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factor represented by o> of E. coli, are toxic, espe-
cially at low temperatures. DnaK and its co-chaper-
ones are required to capture RpoH in order to
stimulate digestion with a protease such as FtsH of E.
coli. GrpE is not essential to arrest RpoH, if sufficient
DnaK and Dnal occur and do so together (Tomoyasu
et al. 1998). Thus, SheDnaK supported the growth of
AdnaK52 at 15°C, only under co-expression with
EcoDnal. It is interesting to note that E. coli is also
enabled to grow at low temperatures by expression of
the chaperonin from a psychrophile Oleispira antarc-
tica (Ferrer et al. 2003) or trigger factor of E. coli
(Kandror and Goldberg 1997). Therefore, our report
presents another example of a molecular chaperone to
support the growth of E. coli at low temperatures.
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