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Abstract

Oenococcus oeni can exert its function in hostile wine conditions during the malolactic fermentation process. Therefore, it
is an important microbial resource for exploring resistance genes. Hsp20 is an important small heat shock protein from O.
oeni. The conserved consensus motif “A-x-x-x-x-G-x-L” of Hsp20 announced its role as a member of the small heat shock
protein family. The hsp20 gene from O. oeni SD-2a was cloned to create the recombinant plasmid pTriEx-Hsp20. The
recombinant plasmid was transformed into Escherichia coli BL21(DE3) competent cells, and the Hsp20 protein was induced
by isopropyl-p-p-thiogalactoside (IPTG). The Asp20 gene from O. oeni SD-2a was successfully expressed, and a 20-kDa
fusion protein was identified by SDS-PAGE. The purified Hsp20 protein was obtained using Ni-affinity chromatography.
Additionally, BL21(DE3)/Hsp20 and BL21(DE3)/Ctr]l were treated at high temperatures of 42 and 52 °C, at pH values of
2.0-12.0, under oxidative shock with 0.1% (v/v) and 0.2% (v/v) H,0,, and under an osmotic shock of 430 and 860 mM NaCl
to compare the effects of heterologous expression of the Hsp20 protein from O. oeni SD-2a for stress resistance. Notably,
Hsp20 overexpression showed enhanced resistance than the control strain did when confronted with different elevated stress
conditions. The results demonstrated heterologous expression of the Asp20 gene from O. oeni SD-2a significantly improved
the resistance of the host E. coli bacteria against stress conditions.

Introduction

Malolactic fermentation (MLF) is an important biological
process in making high-quality wine. The environmental
conditions for MLF are highly unfavorable with low pH and
high ethanol contents. Notably, Oenococcus oeni, an aci-
dophilic and stress-tolerant bacterium, presents a predomi-
nance against atypical conditions therein when it is used as
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a starter of MLF. The potential role of O. oeni is presumed
to be dependent on the promotion of stress-related proteins.

Heat shock proteins are synthesized when organisms
respond to environmental stress, function as molecular chap-
erones to safeguard proteins from denaturation and allow
proteins to exert normal functions consistently. Heat shock
proteins (Hsps) have generally been classified into five major
families (Hsp100, Hsp90, Hsp70, Hsp60, and small Hsps
(sHsps)) [1, 2]. sHsps are Hsps with molecular masses from
12 to 43 kDa, and the majority of these proteins are between
14 and 27 kDa [3].

Hsp20 belongs to the sHsps family, which possesses
multiple biological functions. Hsp20 from O. oeni was
previously discovered by two-dimensional polyacrylamide
gel electrophoresis (2D-PAGE) and mass spectrometry
(MS) analyses [4]. Although Hsp20 is expected to play a
key role in protecting O. oeni from hostile environments,
many fundamental questions concerning the exact function
remain unanswered. Genetic tools for gene modification in
O. oeni are deficient, and site-directed mutagenesis is pres-
ently not achievable because transformation efficiencies are
lower than the frequency of recombination events [5, 6].
Nevertheless, E. coli is a universal host for heterologous
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protein production thanks to its well-characterized genome
and a variety of mature tools available for genetic manipula-
tion. Thus, the objective of the study was to dissect Hsp20
function from O. oeni SD-2a by the cloning, heterologous
expression, purification, and survival analysis of strains
overexpressing Hsp20 under a series of abiotic stresses,
including heat, acidic, alkaline, oxidative, and osmotic stress
conditions.

Materials and Methods
Bacteria Strains and Culture Medium

0. oeni SD-2a, which was isolated from Chinese wine
[7], was used for hsp20 gene isolation. O. oeni SD-2a was
grown at 28 °C in acidic tomato broth (ATB) medium at
pH 4.8. The ingredients of ATB are glucose (10 g/L), pep-
tone (10 g/L), yeast extract (5 g/L), MgSO,-7H,0 (0.2 g/L),
MnSO,-4H,0 (0.05 g/L), Cysteine/HCI-H,O (0.5 g/L), and
tomato juice (25%, v/v)) [8]. E. coli DH5a and BL21(DE3),
which was preserved in College of Life Sciences in North-
west A&F University, were grown in Luria—Bertani (LB)
medium at 37 °C. LB medium is composed of tryptone
(10 g/L), yeast extract (5 g/L), and NaCl (10 g/L) [9]. All
the strains were stored at — 80 °C in their proper broth sup-
plemented with 25% (v/v) glycerol and recovered in LB
broth prior to use.

Bioinformatics Analyses of Hsp20 Sequence

Multiple alignments for similarity analysis were performed
with the European Bioinformatics Institute (EBI) Clustal W
[10] and visualized using Jalview [11]. “Conservation” and
“Quality” are important alignment annotations. “Conserva-
tion” measures the amount of conservative physicochemical
properties in each column. The higher score indicates that
the column contains more amino acid substitutions of the
same physicochemical class and columns with mutations
where all properties are conserved are marked with a “+”
(score of 10, indicating all properties are conserved). “Qual-
ity” measures the likelihood of observing the mutations in
a column. A higher score indicates that there are few muta-
tions or that most of the mutations observed are beneficial.

Multi-template modeling of Hsp20 was carried out using
Modeller (https://salilab.org/modeller/). And the stability of
the predicted protein model was evaluated sterically with
PROCHECK [12].

Cloning hsp20 Gene from the O. oeni SD-2a Genome

The O. oeni genome was extracted using a Bacteria
Genomic DNA Kit (TIANGEN, Beijing, China) according
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to the manufacturer’s instructions. Hsp20 was amplified
using following primers: hsp20-His-F, 5'-tattttcagggatc-
cgaattcATGGCAAATGAATTAATGGATAGAAA-3';
hsp20-His-R, 5'-atggtgatggtggtgctcgag T TGGATTTCAAT
ATGATGAGTTTGACT-3'. PCR amplification was per-
formed using the following protocol: initial denaturation
at 98 °C for 3 min; 30 cycles of 98 °C for 10 s, 55 °C for
10 s, and 72 °C for 20 s; and final extension at 72 °C for
10 min. The band for the Asp20 gene PCR product was
detected by 1% agarose gel electrophoresis.

Construction of the Recombination Cloning Vector

The target hsp20 DNA fragment was purified using the
TaKaRa Agarose Gel DNA Purification Kit Ver. 2.0 and
inserted into the vector pTriEx1.1 digested with EcoRI
and Xhol at 37 °C for 4 h. Using the ClonExpress II One
Step Cloning Kit (Vazyme, Nanjing, China), homologous
recombination was carried out. Consequently, the recom-
binant product was transformed into E. coli DH5a compe-
tent cells as described previously [13]. Transformants were
selected on LB plates containing ampicillin (100 mg/mL),
and individual clones were selected for plasmid extrac-
tion, enzyme digestion, and examination by 1% agarose
gel electrophoresis.

Recombinant Protein Expression and Solubility
Detection of Hsp20

The recombinant pTriEx-Hsp20 plasmid was transformed
into E. coli BL21(DE3) competent cells [14]. BL21(DE3)/
pTriEx-Hsp20 individual clones were picked out and
cultivated in liquid LB medium overnight at 37 °C with
220 rpm shaking and then transferred and inoculated in
the fresh medium culture at 37 °C. When the ODgy
of broth reached 0.8-1.0, isopropyl-p-p-thiogalactoside
(IPTG) was added at a final concentration of 1 mM [15].
After 4 h of induction, strains were collected by centrifu-
gation at 12,000 rpm for 10 min at 4 °C. The cell pellets
were resuspended in 10 ml PBS (pH 7) and sonicated in an
ice bath for 15 min. Subsequently, the sample was centri-
fuged at 12,000 rpm for 10 min. A sample of the intracel-
lular soluble protein was taken from the supernatant. And
a sample of the intracellular insoluble protein was taken
by resuspending the remaining cell pellet in PBS (pH 7).
In addition, cells that were not induced were collected
after centrifugation, and the control group strain was
resuspended with sterile ultrapure water. All the above-
mentioned samples were mixed with an equal volume of
2 x SDS loading buffer and analyzed by SDS-PAGE.
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Purification of Hsp20

The His-tagged recombinant proteins were purified using
Ni-affinity chromatography [16]. The column was initially
washed with buffer containing 10 mM imidazole to remove
other proteins. Then, Hsp20 was gradually eluted with
250 mM imidazole. Afterwards, the obtained protein sam-
ples were examined by SDS-PAGE analysis.

Comparative Growth Curve of E. coli at High
and Optimum Temperatures

The pTriEx-Hsp20 recombinant plasmid and the empty vec-
tor were used to transform into E. coli BL21(DE3) compe-
tent cells and named “BL21(DE3)/Hsp20” and “BL21(DE3)/
Ctrl,” respectively. Then, the two strains were induced with
IPTG as described above and inoculated into LB liquid
medium at 37 °C with 220 rpm shaking. Samples were taken
at intervals of 1 h and measured at a wavelength of 600 nm.
The data were collected to create a strain growth curve.

Determination of Stress Resistance
Bacterial Culture Preparation for Stress Treatment

Strains of BL21(DE3)/Hsp20 and BL21(DE3)/Ctrl were
induced with IPTG as previously elucidated. The bacterial
products were obtained for exposure to a series of environ-
mental stressors, including heat, acidic, alkaline, oxidative,
and osmotic stress [17, 18].

Heat Shock

Aliquots of the bacterial cultures (BL21(DE3)/Hsp20,
BL21(DE3)/Ctrl) were chosen to assess the thermal tol-
erance by thermostatic water baths at different tempera-
tures (42 °C, 52 °C) for different lengths of times (30 min,
60 min). Bacteria strains that were cultured at 37 °C with-
out heat shock were used as the control group. To achieve
a comparable reduction of cell counts, the temperatures of
42 and 52 °C were chosen. Samples were collected by cen-
trifugation after treatments and diluted with saline. Cultiva-
ble cells were counted on LB agar containing 100 mg/mL
ampicillin.

Acidic and Alkaline Shock

The induced bacteria cells were harvested by centrifuga-
tion. The pellets were used to assess acidic and alkaline tol-
erance, which were resuspended and mixed thoroughly in
LB broth with altered pH ranges. The acidic and alkaline
LB media were adjusted to pH values ranging from 2 to 12
with HCI and NaOH. The samples were incubated at 37 °C.

Samples were collected by centrifugation after 1-h intervals
and diluted with saline. Cultivable cells were counted on LB
agar containing 100 mg/mL ampicillin.

Oxidative Shock

The strains treated with IPTG induction were used to esti-
mate oxidative tolerance. Aliquots of the cells were pipetted,
and a final concentration of 0.1% (v/v) or 0.2% (v/v) H,0,
was added to the cell suspension and incubated at 37 °C
with shaking for 5 or 10 min. Samples were collected by
centrifugation after treatments and diluted with saline. Cul-
tivable cells were counted on LB agar containing 100 mg/
mL ampicillin.

Osmotic Shock

The concentration of NaCl in LB medium is 172 mM. There-
fore, the NaCl concentration was increased by 2.5 times to
430 mM and 5 times to 860 mM in this study to carry out
osmotic tolerance. The osmotic tolerance test was performed
in cells after IPTG induction. Aliquots of the bacterial cul-
tures were gathered by centrifugation. Subsequently, the
supernatants were discarded, and the strains were resus-
pended in LB medium containing NaCl additives with final
concentrations of 172 mM, 430 mM, and 860 mM. These
cultures were then incubated at 37 °C with shaking. Samples
were collected by centrifugation after 12 h and diluted with
saline. Cultivable cells were counted on LB agar containing
100 mg/mL ampicillin.

Statistical analysis

Data analysis was conducted using statistical software
(GraphPad Prism 6.0). E. coli strains had significant dif-
ferences in their resistances to stress, and these differences
were determined by using t-test. Significance was assessed
at a significance level of P <0.05.

Results

Sequence Alignment and Protein Homology
Modeling of Hsp20

As is shown in Fig. S1, Hsp20 sequences were composed of
a complete a-crystallin domain flanked by a variable N-ter-
minal region and a short C-terminal extension. Compared
with N-terminal and C-terminal compositions, the crystal-
line domain located at amino acid residue sites M44-K136
was more conserved. Hsp20 of O.oeni SD-2a indicated mod-
erate similarity among the a-crystallin domains with other
prokaryotes. And, 15 residues (corresponding to 47D, 50E,
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61L, 62P, 63G, 92D, 108S, 109R, 114P, 123A, 125Y, 128G,
130L, 135P, and 136 K) were presented entirely conserved
throughout all the strains.

The criteria for selecting template for a protein are
sequence homology and integrity of amino acid residues
as well as accuracy of the template protein structure. If
the sequence identity of the two comparable amino acid
sequences is higher than 30%, then they are proposed to
have a similar three-dimensional structure of the proteins
[19]. What’s more, amino acid residues deficiency in the
template should affect the modeling of its corresponding
region of the target protein; thus, complete amino acid resi-
dues are preferred for modeling. Additionally, precision of
the crystal structure of the template protein is preferably
below 2.5 A. Based on the considerations described above,
Hsp20 protein sequence was used as a query and blast search
was performed against the Protein Data Bank proteins (pdb)
database. Possible protein templates from the alignment
results with identity > 30% were selected out and subjected
to Modeller for multi-template modeling and model optimiz-
ing. Secondary structure prediction of Hsp20 protein was
carried out by PredictProtein, showing that the sequence
composed 10.14% of helix (alpha spiral), 29.73% of strand
(beta sheet), and 60.14% of loop (random coils). As is shown
in Fig. S2A, the composition of protein structure of O.oeni
Hsp20 was in accord with the prediction results of secondary
structure of protein. And the Ramachandran plot shown in
Fig. S2B also verified that the predicted protein conforma-
tion was reasonable. The phi/psi angles of 93.2% residues
fell in the most favored regions, and 6.8% residues lied in the
additional allowed regions. Ramachandran plot provided by
the program PROCHECK assured very good confidence for
the predicted protein.

Cloning, Expression, and Purification of Hsp20

Total genomic DNA from Oenococcus oeni SD-2a was used
for PCR amplification of the hsp20 gene, and the evident
PCR amplicon was observed at the expected length (447 bp),
suggesting that the Asp20 gene was efficiently amplified
(Fig. 1a). The pTriEx-Hsp20 plasmid was extracted from
E. coli DH5a competent cells and confirmed by restriction
enzyme digestion analysis. The E. coli DH5a transformant
in lane 1 was suggested to be correct (Fig. 1b). The plasmid
pTriEx-Hsp20 was then transformed into E. coli BL21(DE3)
competent cells, the strain was induced with IPTG, and the
results of Hsp20 protein expression were shown in Fig. 2.
The cells, the culture supernatants of the cells, the solu-
ble fraction of the cytoplasm (ultrasonic supernatant), and
the insoluble components (ultrasonic precipitation section)
were processed and analyzed by SDS-PAGE. A significant
electrophoretic band appeared at 18.4 kDa. Additionally,
comparing bands 3 and 4, the majority of the target protein
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Fig. 1 Cloning of the hsp20 gene. DL2000 DNA was used as the
marker. a Product analysis of hsp20. Lane 1 showed that hsp20 was
amplified from the genomic DNA of O. oeni SD-2a. b Digest identifi-
cation of pTriEx-Hsp20. Lane 1 showed that the recombinant plasmid
was extracted from positive clones of E. coli DH5a cells

existed in the supernatant, suggesting that the target Hsp20
protein existed in a soluble state. Moreover, Hsp20 was
obtained with a high purity after purification by Ni-affinity
chromatography (Fig. 3).

Effect of Hsp20 Expression on the Growth of E. coli
Cells

The growth status of recombinant E. coli with Hsp20 was
more vigorous and robust than that of the control strain
throughout the whole expression period. Compared with
strain performance at 37 °C, both Hsp20 recombinant E.
coli and control E. coli showed a decrease in bacterial num-
ber and growth rate and a longer lag phase under thermal
condition. The longer lag phase time of the strains indicated
that strains after shock might need more time to prepare for
breeding. In terms of the performance of these two types of
strains, a large discrepancy was reflected when the logarith-
mic phase started. These results could be attributed to the
control strain being more sensitive to high temperature and
suffered at 52 °C (Fig. 4).

Stress Resistance of Hsp20 Recombinant E. coli Cells

Strains cultured at 42 °C had fewer viable bacteria than
strains cultured at optimum 37 °C. When the temperature
rose to 52 °C, it was very difficult for both of the strains
to survive and grow (Fig. 5a). Generally, the Hsp20
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Fig.2 SDS-PAGE analysis of the solubility of Hsp20 expressed in E.
coli BL21(DE3) competent cells. Unstained protein molecular weight
marker was used. Lane 1, protein expression levels without inducing
the bacteria. Lane 2, protein expression after inducing the bacteria.
Lane 3, supernatant of the sonicated bacterial cells after induction.
Lane 4, precipitate of the sonicated bacterial cells after induction

recombinant E. coli was less affected by thermal treatment
than the control bacteria. Although the counts of the strains
were tested in a wide range of pH values from 2 to 11, the
bacterial strains could survive only in the pH range of 3-9
(Fig. 5b). Extreme acidic or alkaline environments were
lethal for these strains. The recombinant strains containing
Hsp20 performed better than the control bacteria when chal-
lenged under acidic and alkaline stress conditions, and the
advantages of the Hsp20 expression strain were more obvi-
ous in stronger acidic and alkaline conditions. The effect of
Hsp20 expression in E. coli host bacteria on its antioxidant
capacity and osmotic tolerance was assessed with H,0,
and NaCl, respectively. As seen in Fig. 5c, d, both bacteria
showed a decrease in viable counts under H,O, and high
NaCl conditions. H,0, shock was a large stress condition
for the control E. coli, and the strain counts dramatically
decreased even at a relatively slight shock of 0.1% H,0O, for
5 min. Furthermore, the control strain was not present under
the treatment of 0.2% H,0, for 10 min (Fig. 5¢). Addition-
ally, the number of Hsp20 recombinant strain counts was
approximately twice that of the control strain when the NaCl
concentration was 430 mM in LB medium. When the NaCl

kDaM T F 1 2 3 4 5

18.4
144 -

Fig.3 SDS-PAGE analysis of the Hsp20 fusion protein purification.
M protein molecular weight standard; 7 total protein; F' flow-through
from Ni-affinity chromatography; Lanes 1-5: 250 mM imidazole elu-
tion from Ni-affinity chromatography

concentration was elevated to 860 mM, NaCl had a strong
inhibitory effect on both strains, especially for the control
strain (Fig. 5d).

Discussion

Bioinformatics analysis of Hsp20 showed that the consensus
motif A-x-x-x-x-G-x-L is conserved (Fig. S1). Moreover, the
consensus motif A-x-x-x-x-G-x-L was observed to locate at
the C-terminal end of the a-crystallin domain, which is the
most significant indicator of the small heat shock protein
family [20, 21].

An analysis of bacterial growth kinetics showed that the
behavior of the culture characteristics of the strains was
affected by both Hsp20 expression and increased tempera-
ture. The recombinant Hsp20 E. coli grew better than the
control strain, possibly because the expression of Hsp20
conferred the capability of the strains to withstand adverse
stress conditions. Above all, the growth adaptability of
recombinant Hsp20 E. coli to high temperatures was sig-
nificantly higher than that of the control E. coli (Fig. 4).

To examine whether the Hsp20 recombinant E. coli per-
formed better than the control strain under extreme condi-
tions, these two types of strains were subject to a series of
adverse treatments. Temporary high-temperature heat shock
can significantly reduce the number of bacterial cells in
these strains (Fig. 5a). The sensitive performance of both
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Fig.4 Comparative growth curves of recombinant E. coli at opti-
mum and thermal temperatures. a Growth performances of E. coli
BL21(DE3)/Ctr]l (gray squares) and BL21(DE3)/Hsp20 (black cir-

strains revealed greater selectivity for viable counts due to
heat shock. Moreover, when the exposure time was longer,
or the temperature was higher, there were fewer viable bac-
teria. At high temperatures, the performance of these two
strains was similar to previously studied strains, revealing
that the thermotolerance of E. coli could be enhanced by the
expression of various heterologous Hsps [22-25]. Hsp20
expression was found to be helpful for recombinant E. coli
to resist both acidic and alkaline conditions in this study
(Fig. 5b). Nevertheless, wine conditions often involve pH
levels between 3.0 and 3.5, and mild acidic shock at an inter-
mediate pH of 4.8 is known to induce an adaptive response
during the shock [26]. Thus, Hsp20 might also participate
in the mechanism of pH homeostasis of O. oeni to harsh
wine conditions.

Moreover, Hsp20 from O. oeni could be important in
explaining the endurance for cells to resist oxidation and
osmotic pressures. Heterologous expression levels of Hsp20
in the recombinant strain were compared with the control
strain after treatment with H,O, and NaCl. Intriguingly, in
terms of the Hsp20 recombinant E. coli, the performance
of each sample was quite different in the ten sets of experi-
ments under 0.1% x5 min H,0, stress. Therefore, the col-
lected data of the strain counts were highly dispersed. How-
ever, with prolonged treatment time, under 0.1% X 10 min
H,0, stress, the number of cells was significantly reduced
(Fig. 5¢). The analogous phenomenon also appeared in the
data of the control strain. However, for the control strain,
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cles) under optimum growth temperature 37 °C. b Growth perfor-
mances of BL21(DE3)/Ctrl (gray squares) and BL21(DE3)/Hsp20
(black circles) under a thermal temperature of 52 °C

this phenomenon was observed only if H,O, was added,
which resulted in a significant and concentrated decrease
in the cell number. Therefore, it was plausible that a state
in which each Hsp20 recombinant strain battled with H,0O,
stress consequently led to individual differences. Broadly,
when the H,0O, concentration was higher and the treatment
time was longer, the strains had a higher mortality rate form.
Under the condition of 172 mM NaCl (the NaCl concentra-
tion of LB medium itself), the growth of the two bacteria
was consistent with the number of colonies without the H,0,
stress added. This result also proved that the condition with
no stressor was optimum for bacteria. A high concentration
of NaCl led to a central decline in the number of strain cells,
which were at a faster rate and apparent in the control strain
(Fig. 5d).

Above all, the expression of Hsp20 in E. coli BL21(DE3)
competent cells improved the microbial survival both in the
growth curve supervision under thermal conditions and
stress tolerance examination under versatile stress condi-
tions. Hsp20 is an important small heat shock protein in the
wine-associated species O. oeni. There are various perplex-
ing and adverse conditions that O. oeni may be encountered
during MLF or wine storage. Although an efficient expres-
sion vector in O. oeni is difficult to obtain, the role that
Hsp20 plays in O. oeni still needs to be investigated. There-
fore, a useful overexpression construct or a gene knockdown
preparation of the small shock protein in O. oeni is necessary
in the future to clearly validate the action of Hsp20.
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Fig.5 Resistance of E. coli strains to a series of adverse stresses.
Black bars and marks indicate strains carrying the hsp20 gene; gray
bars indicate control strains. Asterisks indicate significant differences
between the two types of strains (*P <0.05). The dilution gradient of
the bacterial solution was 10~>. a Heat shock under different tempera-
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