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Abstract Heat shock proteins (Hsps), produced by organisms under high temperature stimulation, play important roles in protein
folding, translocation, and refolding/degradation. In this study, we investigated the expression level of the GrpE Hsp gene Hsp845
of Psychrobacter sp. G under different temperature and salinity stresses by quantitative real-time PCR and western blotting,
respectively. At both transcriptional and translational levels, Hsp845 gene expression was induced by high temperature (30°C) and
inhibited by low temperatures (0°C and 10°C). Hsp845 expression was also induced both by the absence of salt (0%o) and high
salinity (90%o and 120%o) at the transcriptional level, but was only induced by high salinity (90%o and 120%o) at the translational
level. In a combined stress treatment, Hsp845 was more sensitive to high temperature than to salinity at both transcriptional and
translational levels. The increase in the translational-level expression of Hsp845 lagged behind that at the transcriptional level,
and Hsp845 maximum expression was also higher at the transcriptional than at the translational level. In the absence of salt,
transcriptional- and translational-level expressions exhibited opposite patterns, suggesting that the underlying mechanism requires
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further study.
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1 Introduction

Heat shock response, which involves the synthesis of heat
shock proteins (Hsps), plays a vital role in the defense of
bacterial cells against temperature-induced damage. Hsps
are highly conserved and exist in almost all species'. GrpE,
a member of the Hsp family, is transiently induced under
various stress conditions™. GrpE is a known nucleotide-
exchange factor for the molecular chaperone DnaK, which
functions co-translationally and post-translationally to
promote protein folding and disaggregation in cells®*. In
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this molecular chaperone system, DnaK (an Hsp70 homolog)
acts in concert with GrpE and its co-chaperone Dnal, an
Hsp40 homolog!. Dnal stimulates the hydrolysis of DnaK-
bound ATP and converts DnaK from a low-affinity state to
a high-affinity state for substrates, whereas GrpE facilitates
ADP/ATP exchange and restores DnaK to the low-affinity
state® ', GrpE gene expression is regulated by 670 and 632
promoters!'", thereby allowing rapid and transient induction
in response to elevated temperatures!'*"*l, Previous studies
have also shown that this molecular chaperone system
is essential to normal cell growth!"*'% cell division!'®,
membrane translocation!'”, chromosome segregation, and
maintenance of low-copy-number plasmids®. As Hsps, the
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expressions of DnaK, DnalJ, and GrpE are transiently induced
under different stress conditions, such as heat!"®], salinity!",
ethanol treatment, viral infection, and exposure to heavy
metals!**,

Sea ice in the Southern Ocean is dominated by strong
gradients of salinity and drastic fluctuations of temperature,
space, and light®?'"!, Temperature and salinity are the two most
important factors affecting the survival of microorganisms
living in sea ice. These organisms have accordingly evolved
adaptive mechanisms ranging from molecular to whole
cell levels. The freezing and thawing of ice during different
seasons in Antarctic seawater inhabited by Psychrobacter sp.
affects the salinity of offshore seawater®?,

Although the heat-shock response of GrpE is
well documented at the molecular level in mesophilic
microorganisms such as Escherichia colil'*'¥, Synechocystis
sp.!", and Bacillus subtilis™ and in thermophilic
microorganisms such as Thermus thermophilus®" and
Thermosynechococcus elongates"™, limited studies have
been performed in cold-adapted microorganisms. Moreover,
most of the earlier studies focused on response to only one
stress factor, such as temperature. In fact, organisms in nature
seldom undergo only one stress at a time". To our knowledge,
researchers have rarely investigated the mechanism of GrpE
in response to salinity and to combinations of multiple stresses
at both transcriptional and translational levels simultaneously.
According to our previous study'?, the Hsp845 gene is
615 bp long and encodes a protein consisting of 204 amino
acid residues with a molecular mass of 22.7 kDa and a
calculated isoelectric point of 4.54. A BLAST analysis
revealed that the deduced amino acid sequence of Hsp845
was a close homolog to amino acid sequences of other
known cytosolic GrpEs. Among the four Hsp genes we
investigated, Hsp845 was found to be strongly sensitive at
the transcriptional level to temperature and salinity stress'.
In the present study, we further investigated the expression
of the Hsp845 gene under different conditions (temperature,
salinity, and combinations of temperature and salinity) at both
transcriptional and translational levels by quantitative real-
time PCR (qRT-PCR) and western blotting, respectively.

2 Materials and methods
2.1 Bacteria, medium, and growth conditions

The Antarctic psychrotrophic bacterium Psychrobacter sp.
G was isolated from Antarctic seawater and maintained
in our laboratory®!. Psychrobacter sp. G was cultured at
20°C with rotation of 150 rrmin™' in medium consisting
of 5 g tryptone, 1 g yeast extract and 14 g NaClin 1 L
seawater. The composition of the medium used for salinity
stress treatments, which has been described previously, is
summarized in Table 11%°], Seawater (with an approximate
salinity of 31%o) was taken from the coast at Qingdao
(Shandong, China).

Table 1 Components of culture medium having different salinities

Salinity Tryptone Yeast NaCl Seawater  Deionized
/g extract/g /g /mL water/mL
0 5 1 0 0 1000
15 5 1 0 480 520
45 5 1 14 1000
90 5 1 59 1000
120 5 1 89 1000

2.2 Recombinant expression and purification of

Hsp845 protein

Primers Hsp845F (5'-GGAATTCCATATGAGCGAGCA
AAATAACCAC-3") and Hsp845R (5-CCGCTCGAGCTGA
CCGACACGTACCATCG-3'), respectively containing Ndel
and Xhol restriction enzyme sites, were designed to amplify
the open reading frame of the Hsp845 gene. After digestion
with restriction enzymes Ndel and Xhol, the target PCR
product was subcloned into plasmid pET22b digested with
the same restriction enzymes. The recombinant plasmid
was then transformed into E. coli BL21 (DE3) competent
cells for recombinant protein expression. Positive clones
were screened by PCR with primers T7F and T7R and
then confirmed by nucleotide sequencing. Each positive
clone was incubated in 250 mL Luria-Bertani medium
(containing 100 pg-mL™" ampicillin) at 37°C with shaking
at 150 r'min~'. When the absorbance of the culture at
600 nm (ODgq) reached 0.6-0.8, the cells were incubated
for an additional 4 h in the presence of the inducer
isopropyl-pB-D-thiogalactopyranoside (IPTG) added to a
final concentration of 1 mM. The cells were then collected
by centrifugation at 10000xg for 5 min and resuspended in
5 mL of 50 mM Tris-HCI buffer (pH 8.0). After lysis of the
cells with a one-shot cell disrupter (UL61010A-1, Constant
Systems Ltd., Daventry, UK), the lysates were centrifuged
at 10000xg for 20 min at 4°C. The recombinant protein was
purified on a Ni Sepharose 6 Fast Flow column (11-0008-
86 AE, GE Healthcare, Uppsala, Sweden) according to the
manufacturer’s instructions. The antiserum was prepared
and validated by GenScript (Nanjing, China; order ID:
168267-1).

2.3 Stress treatments

Psychrobacter sp. G was initially cultured at its optimal
growth temperature (20°C) and salinity (45%0)**). When the
ODyo of the culture reached approximately 0.5, temperature,
salinity, and combined stress treatments were carried out as
follows. For temperature stress treatments, cultures were kept
at different temperatures (0°C, 10°C, or 30°C) for different
durations (2 h, 6 h, or 12 h). For salinity stress treatments, the
cultures were centrifuged at 8000 xg for 5 min at 20°C. After
thoroughly suspending the pellets with an equal volume of
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medium to a final salinity of 0%o, 15%o0, 90%o, or 120%., the
suspensions were maintained at 20°C for 2 h, 6 h, or 12 h.
In the combined stress treatments, cells were cultured under
the following conditions: a final salinity of 15%. at 0°C or
30°C or a final salinity of 90%o at 0°C or 30°C. A strain
cultured continuously under optimal conditions was used as
the control for qRT-PCR and western blot analysis. Three
biological replicates of each control and stress treatment
were carried out.

2.4 Total RNA isolation and cDNA synthesis

Total RNA was extracted using an RNAprep Pure Cell/
Bacteria kit (DP430, Tiangen Biotech, Beijing, China)
according to the manufacturer’s protocol. The purity
of prepared RNA was judged by the Ajs/Asg ratio. A
PrimeScript RT Reagent kit (DRR037A, Takara, Dalian,
China) was used for the reverse transcription of RNA into
cDNA. The cDNA for gqRT-PCR was prepared using 500 ng
of total RNA. Primers Q-F (5-TGGTGGATAACTTGGA-3")
and Q-R (5'-ACCGACCGCTTCAT-3") for qRT-PCR were
designed with the software program Primer 5.0. The GAPDH
gene encoding glyceraldehyde-3-phosphate dehydrogenase
was used as an internal reference>*),

2.5 Expression analysis of the Hsp845 gene by qRT-
PCR

SYBR Premix Ex Taq 11 (DRR820A, Takara) was used
for the qRT-PCR analysis. qRT-PCR amplification was
carried out on a Stratagene Mx3005P qPCR System for 40
cycles (95°C for 1 min, 45°C for 30 s, and 72°C for 20 s).
All reactions were performed in triplicate. Quantification
of mRNA was based on threshold cycle (C,) values. After
normalizing the C, value of Hsp845 using the C, value
corresponding to the selected reference gene, the efficiency
of each qRT-PCR amplification was calculated. Data analysis
was based on the comparative C, (27*“) method™”. Data
obtained from qRT-PCR analysis were subjected to analysis
of variance to identify significant differences between mean
values among treatments. Differences were considered to be
statistically significant at P < 0.05 and highly significant at P
<0.01.

2.6 Western blot analysis of Hsp845 protein

expression in Psychrobacter sp. G

Western blot analysis was carried out to investigate the
expression of Hsp845 at the translational level. Total protein
of Psychrobacter sp. G was dissolved in 50 mM Tris-HCI
buffer (pH 8.0) and then centrifuged at 10000xg for 10 min at
4°C to collect the supernatant. Protein concentration was then
assayed. Each sample (approximately 60 mg protein) was
analyzed by 15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The proteins were then electroblotted onto
Immobilon-P transfer membranes (IPVH00011, SolarBio,
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Beijing, China). To prevent nonspecific antibody binding,
membranes were first blocked with 5% non-fat milk in TBST
(10 mM Tris-HCI [pH 7.5], 150 mM NaCl, and 0.1% Tween-
20) accompanied by shaking for 3 h at room temperature
and then incubated with the 1:1000 diluted antiserum to
Hsp845 in TBST overnight. After three 10-min washes with
TBST and one 10-min wash with TBS (10 mM Tris-HCI
[pH 7.5], 150 mM NaCl), each membrane was incubated
in peroxidase-conjugated goat anti-rabbit IgG (1:2000 in
block reagents as indicated above) for 2 h and then washed
three times with TBST (10 min per wash) followed by a 10-
min wash in TBS. Finally, the membrane was soaked in a
reaction mixture (1 mL of 6 mg'mL™" 4-chloro-1-naphthol
in methanol, 10 mL TBS, and 6 uL H,0,) in darkness for
10 min and the reaction was blocked in distilled water.
Antibody binding was visualized through a peroxidase-
catalyzed stain reaction!,

3 Results

3.1 Expression and purification of recombinant

Hsp845 protein

Recombinant Hsp845 protein was expressed in E. coli BL21
(DE3) induced by IPTG (Figure 1, lanes 2 and 3). Expressed
recombinant Hsp845 protein carrying a 1.08-kDa His-
tag was detected in the lysate supernatant by Coomassie
Bright Blue staining and found to have a molecular mass
of approximately 24 kDa, consistent with the expected
value. The recombinant Hsp845 protein was purified by Ni
Sepharose 6 Fast Flow chromatography (Figure 1, lane 4),
which revealed that the purity of the obtained protein was
higher than the threshold criterion of the antibody test (85%).
The recombinant protein was sent to GenScript to revalidate
its purity and obtain effective antigen protein.

200 kDa
116 kDa
97.3 kDa
66.4 kDa
443 kDa
29.0 kDa |
20.1 kDa
14.3 kDa

Figure 1 Sodium dodecyl sulfate-polyacrylamide gel
electrophoretic analysis of recombinant expression of Hsp845
protein. Lane 1, protein marker; lane 2, lysate of Escherichia
coli with pET22b-Hsp845 without induction; lane 3, lysate
of E. coli with pET22b-Hsp845 induced by isopropyl-B-D-
thiogalactopyranoside; lane 4, recombinant Hsp845 protein
purified by Ni Sepharose 6 Fast Flow chromatography.
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3.2 Expression characteristics of Hsp845 in response

to temperature stress

gRT-PCR analysis revealed that Hsp845 gene expression
was significantly inhibited by low temperatures (0°C and
10°C) and enhanced immediately after exposure to high
temperature (30°C). Under 30°C conditions, Hsp845 gene
expression reached a maximum after 2 h of treatment, with
a 5.3-fold increased compared with the control (20°C), and
then decreased during the next 10 h (Figure 2). Western blot
analysis indicated that the expression of Hsp845 protein was
also enhanced by high temperature (30°C) and inhibited by
low temperatures (0°C and 10°C). Expression levels increased
continuously at 30°C and reached a 2.2-fold maximum
compared with the control (20°C) at 12 h (Figure 3), a trend
not entirely consistent with the qRT-PCR results.
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Figure 2 qRT-PCR analysis of Hsp845 gene expression in
response to temperature stress. Standard error bars are shown: * P
<0.05; ** P<0.01.
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Figure 3 Western blot analysis of Hsp845 protein expression in
response to temperature stress.

3.3 Expression characteristics of Hsp845 in response

to salinity stress

With regard to salinity stress, Hsp845 gene expression was

found to be immediately and significantly enhanced by both
low salinity (0%o) and high salinity (90%o and 120%o) during
the first 2 h, but was not sensitive to 15%o salinity (Figure
4). Over the next 10 h, Hsp845 expression decreased under
exposure to salinity levels of 0%o0 and 90%o. At a salinity
level of 120%o, however, Hsp845 gene expression reached a
maximum 44.8-fold increase compared with the control (45%o
salinity) at 6 h and then exhibited a 9.8-fold decrease over
the next 6 h relative to the control. Hsp845 expression was
also enhanced by high salinity (90%o and 120%o) and reached
maximum relative expression increases of 1.9-fold and 1.7-
fold after 12 h, respectively. In the absence of salt, Hsp845
protein expression was significantly inhibited, contrary to
the qRT-PCR results. Similarly, Hsp845 expression was not
sensitive to a salinity level of 15%o (Figure 5).
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Figure 4 qRT-PCR analysis of Hsp845 gene expression in
response to salinity stress. Standard error bars are shown:* P <
0.05; **P < 0.01.
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Figure 5 Western blot analysis of Hsp845 protein expression in
response to salinity stress.

3.4 Expression characteristics of Hsp845 in response

to combined temperature and salinity stress

qRT-PCR analysis revealed that Hsp845 gene expression was
enhanced by heat treatment at 30°C at a salinity of 15%o or
90%o, but was inhibited at 0°C at those salinity levels. After
exposure to 30°C, the transcriptional expression of Hsp845
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reached a maximum level that was 3.2-fold (under 15%o
salinity) and 4.0-fold (90%o salinity) higher at 6 h compared
with the control (20°C, 45%o salinity), and then decreased
during the next 6 h (Figure 6). The expression characteristics
of Hsp845 in response to combined temperature and salinity
stress were similar to those detected by qRT-PCR. High
temperature enhanced Hsp845 protein expression under
both low (15%o) and high (90%o) salinity, with maximum
increases of 1.7-fold and 1.8-fold respectively observed at
12 h compared with the control (20°C, 45%o. salinity). By
contrast, treatment at 0°C with a salinity of 15%o or 90%o
inhibited Hsp845 expression (Figure 7).
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Figure 6 qRT-PCR analysis of Hsp845 gene expression in
response to combined temperature and salinity stress. Standard
error bars are shown: * P <0.05; ** P<0.01.
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Figure 7 Western blot analysis of Hsp845 protein expression in
response to combined temperature and salinity stress.

4 Discussion

In this study, we investigated the expression characteristics
of the Hsp845 gene at both transcriptional and translational
levels in the Antarctic psychrotrophic bacterium
Psychrobacter sp. G under various stress treatments using
gRT-PCR and western blotting, respectively.

Hsp845, which is affiliated with GrpE, is the co-
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chaperone of Hsp70P®*. In this study, high temperature
(30°C) significantly enhanced Hsp845 expression at both
transcriptional and translational levels. Previous studies have
also indicated that the Hsp70 chaperone is generally induced
in response to an external temperature rise of 5°C—10°C
above the optimal growth temperature of an organism™®’ and
that GrpE expression is rapidly and transiently induced in
response to elevated temperature!'.

Clark et al.®’™ cloned Hsp70 family genes Hsc70, Hsp70),
and Grp78 from Antarctic mollusks Laternula elliptica and
Nacella concinna and studied the expression characteristics of
the Hsp845 gene under high temperatures (15°C and 20°C) by
gRT-PCR. When exposed to high temperatures, the expression
of Hsp70 was found to be significantly induced, indicating
that this gene plays an important role in the high temperature
adaptation of Antarctic mollusks. Park et al.®" also studied the
expression characteristics of Hsp70 under high temperature
conditions in the Antarctic clam Laternula elliptica. They
observed that high temperature (10°C) significantly increased
Hsp70 gene expression in gills and digestive gland tissue. The
expression of Hsp70 reached a maximum (4.6-fold greater
compared with the control) at 12 h in gill tissue, whereas
maximum expression (3.6-fold greater compared with the
control) in digestive gland tissue was observed at 24 h. Liu et
al.® cloned the 2232-bp full-length sequence of the Hsp70
gene (CiHsp70) of the Antarctic ice alga Chlamydomonas
sp. ICE-L from a cDNA library. qRT-PCR showed that both
cold and heat shock treatments induced CiHsp7(0 expression.
Under high salinity (62%o) stress, CiHsp70 expression
was induced 3.0-fold compared with the control (31%o).
Ultraviolet radiation induced expression of CiHsp70 gene
expression as well. Briefly, CiHsp70, as a chaperone, may
play an important role in Chlamydomonas sp. ICE-L adaption
to the polar environment.

Hsp845 protein expression at the translational level
lagged behind transcriptional-level expression and reached
a maximum at 12 h after exposure to 30°C. The highest
relative expression level, 2.2-fold greater than that of the
control (20°C), was much lower than that of transcriptional-
level expression (5.3-fold greater compared with the control).
The same tendency was also observed in the other two stress
treatments, indicating that regulation may occur between
transcriptional and translational levels.

Freezing and thawing of sea ice during different seasons
in Antarctica, the habitat of Psychrobacter sp. G, affects the
salinity of offshore seawater. Kilstrup et al.'” have reported
the Hsp70 chaperone is induced during salinity stress in
Lactococcus lactis, while Nath et al.’™ have additionally
discovered that hypersalinity creates a more general stress
response than hyposaline conditions. The former authors
observed that the Hsp70 chaperone had a transient response
after a shift to low or high salinity during adaptation to a
particular salinity. This finding may explain why Hsp845 gene
expression was immediately and significantly enhanced at the
transcriptional level by both low (0%o) and high (90%. and
120%o) salinity during the first 2 h of treatment. The effects of
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high salinity (120%o) on Hsp845 gene expression were longer
lasting, as the maximum relative expression level was reached
at 6 h. In our study, however, we found that the Hsp845
protein was over-expressed at the transcriptional level after
exposure to a salinity of 0%o, but was obviously inhibited at
the translational level. The functional contribution of Hsps to
salinity stress adaptation is still not clear. One possibility is
that Hsps are induced as a consequence of the accumulation
of denatured proteins resulting from lowered water activity
during plasmolysis of salinity-shocked cells®).

Psychrobacter sp. G may simultaneously encounter
multiple stress factors. For example, freezing is often
accompanied by salinity stress caused by the absence of
unfrozen water?'**, We therefore also investigated the
combined effect of temperature and salinity on Hsp845 gene
expression. qRT-PCR revealed that Hsp845 gene expression
was enhanced by treatment at 30°C in combination with 15%o
or 90%o salinity, but was inhibited at 0°C under the same
salinity levels. The results of western blotting also uncovered
the same trend. Nonetheless, Hsp845 appeared to be more
sensitive to high temperature than to salinity in the combined
stress treatment at both transcriptional and translational levels,
a observation inconsistent with the results of the single-factor
experiment.

In this study, we found that Hsp845 was induced at both
transcriptional and translational levels by high temperature
(30°C). Hsp845 was induced at the transcriptional level by
both low (0%o) and high (90%0 and 120%o) salinity, but was
only induced at the translational level by high salinity (90%o
and 120%o). In the single-factor experiment, the relative
expression of Hsp845 under salinity stress was far higher than
that observed under temperature stress. Under combined stress,
however, Hsp845 was more sensitive to high temperature than
to different salinities at both transcriptional and translational
levels. The mechanism responsible for this inconsistent
pattern needs further study. The maximum relative expression
at the transcriptional level was higher than that at the
translational level; moreover, the maximum expression of
Hsp845 at the translational level lagged behind that at the
transcriptional level. Finally, expression at the transcriptional
level in the absence of salt seemed to conflict with results
at the translational level; the underlying mechanism also
needs to be studied further. Although the mechanism of
GrpE proteins contributing to adaption to various stresses in
microorganisms living in Antarctic seawater is still far from
being understood, we believe that the present work is a good
starting point for further investigations.
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