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Abstract

DNA polymerase § (Pold) plays a crucial and versatile role in DNA replication and DNA repair processes. Vent
shrimp Rimicaris exoculata is the primary megafaunal community living in hydrothermal vents. In this study, the
Pold from shrimp Rimicaris exoculata was cloned, expressed and characterized. The results showed that the Pold
catalytic subunit (POLD1), 852 amino acids in length, shared high homology with crayfish Procambarus clarkii
and shrimp Oratosquilla oratoria. The recombinant POLD1 expressed in Escherichia coli showed that the enzyme
was active in a range of 20°C to 40°C with an optimum temperature at 25°C and in a wide range of pH with an
optimum at pH 6.0. The activities of POLD1 were significantly enhanced in the presence of Triton-X 100, Tween 20
and Mn?*. The K, (ANTP) value of POLD1 was 4.7 umol/L. The present study would be helpful to reveal the

characterization of Pold of deep-sea vent animals.
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1 Introduction

Deep-sea hydrothermal vents (DSHV) are spatially and tem-
porally unstable environment because of the frequent volcanic
and tectonic events that often lead to the destruction or birth of
these habitats. Therefore, the habitats of DSHV are extreme and
unique with the fluids around DSHV enriched in sulphide, heavy
metals, high pressure, and low dissolved oxygen (Hutnak et al.,
2008; Konn et al., 2015). Biotic communities around the hydro-
thermal vents have developed strategies, mostly a combination of
physiological and behavioral adaptations, to adapt or avoid the
extreme conditions of their habitats. Generally the enzymatic
activities of the major pathways of energy metabolism in vent an-
imals are qualitatively and quantitatively similar to those of
phylogenetically related shallow-living marine species, suggest-
ing that the types of energy metabolism pathways and the poten-
tial flux rates through these pathways are similar in both groups
(Haki and Rakshit, 2003). Among the vent faunas, there lives a
special invertebrate, the vent shrimp Rimicaris exoculata, which
belongs to the family Alvinocarididae (Williams and Rona, 1986).
Shrimp R. exoculata is the predominant species of most hydro-
thermal vents along the Mid-Atlantic ocean ridge and has also
been discovered in the Mid-Cayman Spreading Center and
Southwest Indian Ocean Ridge (Zhang et al., 2017). It forms
dense and moving aggregates, located closely along chimney
walls in the gradient between hydrothermal fluids and cold oxy-
genated ambient seawater, in a temperature range between 3°C

and 25°C (Komai and Segonzac, 2008; Ravaux et al., 2009; Le Bloa
etal., 2017). To date, the mechanism underlying their environ-
mental adaptation and survival is unclear.

As well known, DNA replication is a basic and conserved
event in cells that has a fundamental function for genetics and
evolution (Kunkel and Burgers, 2017). Many DNA polymerases
and protein factors are involved in DNA replication process with
high fidelity. Therefore, DNA polymerases of vent shrimp R.
exoculata may have evolved some unique features to fit the ex-
treme environment of deep-sea hydrothermal vent. At present,
however, DNA polymerase of deep-sea animals has not been in-
vestigated. In eukaryotes, DNA polymerase & (Pol3) is an essen-
tial protein in chromosomal DNA replication and multiple DNA
repair processes, depending on its DNA-directed polymerase
activity and 3'-5' exonuclease activity (Swan at al., 2009). During
lagging strand DNA replication Pold performs three essential
functions in the process. Firstly, Pold catalyzes extension of the
short Okazaki fragments generated by DNA Pola via DNA-direc-
ted DNA synthesis to fill the gap between two successive Okazaki
fragments (Maga et al., 2001; Burgers and Kunkel, 2017).
Secondly, Pold checks the mis-incorporated bases and correct
them via its 3'-5’ exonuclease activity, thus ensuring a relative
high fidelity in copying the template strand (Fortune et al., 2005).
Finally, during the maturation of Okazaki fragment, Pol$ cata-
lyzes strand displacement DNA synthesis through the down-
stream Okazaki fragment to allow the production of 5'-flaps as
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substrates for FEN1 endonucleases (Jin et al., 2001). In addition
to its role in DNA replication, Pold also involves in DNA repair
and recombination (Hiibscher et al., 2002).

Previous studies indicated that Pold is composed of three sub-
units in yeast, including the catalytic subunit Pol3p (correspond-
ing to mammalian p125, POLD1), the structural subunits Pol31p
(corresponding to mammalian p50, POLD2) and Pol32p (corres-
ponding to mammalian p68, POLD3) (Johnson et al., 2012).
Mammals Pold consists another smallest subunit p12 (POLD4)
(Prindle and Loeb, 2012). POLD1 is a key component of DNA Pol
§ catalytic subunit and plays an important role in cell growth and
differentiation. Accumulation evidences in the past decade have
linked germline and sporadic mutations in POLD1 with human
pathologies. Genome sequencing has identified mutations in
POLDI as the cause of some inherited cancers (Rayner et al.,
2016). In addition, mutations in POLDI have been found in the
developmental disorders of mandibular hypoplasia, deafness,
progeroid features and lipodystrophy and atypical Werner syn-
drome (Weedon et al., 2013).

The present study describes the cloning and expression of
vent shrimp R.exoculata POLD1 and the characterization of its
activity. In addition, the in vitro inhibitory effects of some metal
and detergents were evaluated on the activity of POLD1.

2 Materials and methods

2.1 The cloning of Polb catalytic subunit (POLD1) gene of vent
shrimp

Vent shrimp R. exoculata was collected by a television grab
from a newly discovered deep-sea hydrothermal vent (15°09'S,
13°21'W, 2 800 m in depth) in the South Mid-Atlantic Ridge dur-
ing leglIIl of the 26th cruise of “China Ocean”. In our previous
study (data not published), the vent shrimp genome was par-
tially sequenced. In the partial genomic sequence of vent shrimp,
the Pold catalytic subunit gene was found. Based on the se-
quence, the POLDI gene was cloned using sequence-specific
primers (5'-GATCCA GTTATTCAAATTGC-3' and 5-CACGGCTG-
GTGCATATAACTTC-3"). The muscle of a vent shrimp was homo-
genized in liquid nitrogen. Then total RNAs were extracted with
Tissue/Cell RNA Rapid Extraction Kit (Aidlab Biotechnologies,
Beijing, China). The first stranded cDNA was synthesized using
oligo dT-anchor primer and MMLYV reverse transcriptase
(TaKaRa, Dalian, China). Subsequently PCR was conducted to
clone POLD1 of vent shrimp.

To obtain the full-length cDNA of POLDI, 5’ and 3' RACEs
(rapid amplification of cDNA ends) were performed using 5’ and
3’ RACEs kit according to the manufacturer’s instructions (Roche,
Basel, Switzerland). For 3’ RACE, the first round of PCR was car-
ried out with specific primers (5'-GTTCCACTAAATTCAGCAT-
CAG-3' and 5'-GACCA CGCGTATCGATGTCGACTTTTT
TTTTTTTTTTT-3'). The nested PCR was performed using nested
primer (5'-GAGTGAGATTTACATGACC-3') and PCR anchor
primer (5'-GACCACGCGTATCGATGTCGAC-3'). For 5’ RACE, the
reverse transcription was conducted with a specific primer (5'-
CTTTAACTCTTCCAAGAAATGAAAAAG-3'). The first round of
PCR was performed using a specific primer (5'-GTCCACATG-
GCGCAAAAATGTTGC-3') and the oligo dT-anchor primer. Then
the nested PCR was conducted with nested primer (5’-GACTG-
GACCTTGGACCCC AC-3') and the PCR-anchor primer.

2.2 Phylogenetic analysis of POLD1
Phylogenetic analysis was restricted to full-length amino acid

sequence of POLD1 that could be aligned unambiguously in all
sequences. Eight crustaceans were used for the phylogenetic
analysis of POLD1, including R. exoculata, Triops granarius
(GenBank accession no BAO20829.1), Oratosquilla oratoria
(GenBank accession no BAO20826.1), Hyalella azteca (GenBank
accession no XP 018015591.1), Cyclops vicinus (GenBank acces-
sion no BAO20825.1), Branchinella kugenumaensis (GenBank ac-
cession no BAO20830.1), Procambarus clarkii (GenBank acces-
sion no BAO20827.1) and Daphnia pulicaria (GenBank acces-
sion no BAO20828.1). The evolution was analyzed using the
Neighbor-Joining method. The optimal tree with the sum of
branch length (0.944 9) was shown. The tree was drawn to scale
with branch lengths (next to the branches) in the same units as
those of the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were calculated using the Pois-
son correction method and were in the units of the number of
amino acid substitutions per site. All positions containing gaps
and missing data were eliminated. There were a total of 841 posi-
tions in the final dataset. Evolutionary analyses were conducted
in MEGA7 (Kumar et al., 2016).

2.3 Expression and purification of POLDI in Escherichia coli

The Pold catalytic subunit gene was cloned into pET28a vec-
tor and expressed as a His tag fusion protein in Escherichia coli
BL21 (Invitrogen, Carlsbad, CA, USA). Protein expression was in-
duced by growing the bacteria to an ODg, of 0.6 and adding isop-
ropyl-p-d-thiogalactoside (IPTG) to a final concentration of 1 mmol/L
at 37°C for 4 h. The bacteria were disrupted by sonication in lysis
buffer (50 mmol/L sodium phosphate, 500 mmol/L NacCl,
1 mmol/L DL-Dithiothreitol, 0.1 mmol/L phenylmethylsulfonyl
fluoride, pH 7.9). The lysate was then centrifuged at 18 000x g for
25 min. The supernatant was incubated with Ni sepharose™ 6
Fast Flow (GE Healthcare, Pittsburgh, PA, USA) overnight at 4°C.
After washes with lysis buffer, the protein was eluted with elution
buffer (20 mmol/L Tris-HCI, 200 mmol/L NaCl, 500 mmol/L Im-
idazole, pH 8.0).

2.4 DNA polymerase activity assay

The DNA polymerase activity was measured as described be-
fore with some modifications (Tveit and Kristensen, 2001).
Briefly, the oligonucleotide template (5'-CTGTTTCG-
CTTCAGAAGAGACGGTGACCGAAAACGCATACTCCTCCAACA
CAATGCGTCCATTGACCGCCA-3) (6 pmol/L), the oligonuc-
leotide primer (5-CTCTTCTGAAG CGAAA-3’) (8 pmol/L) and
the annealing buffer (10 mmol/L Tris-HCI, 30 mmol/L NaCl,
1 mmol/L EDTA, pH 7.5) at a total volume of 100 pL were heated
at 95°C for 10 min, followed by slowly cooling to room temperat-
ure. Subsequently the annealed primer-template mixture,
1 pg/mL POLD1 and the reaction buffer (40 mmol/L Tris-HCl,
6 mmol/L MgCl,, 100 pmol/L dNTP, 100 pg/mL bovine serum al-
bumin, 1 mmol/L dithiothreitol, pH 8.0) at a final volume of 100 puL
were incubated at 25°C for 60 min. The reaction was stopped by
the addition of 8 pL 0.25 mol/L EDTA and followed by the addi-
tion of 1 uL SYBR Green I (Beyotime Biotechnology, Shanghai,
China). The fluorescence level was measured.

2.5 Effects of temperature on the polymerase activity of POLD1

To evaluate the effects of temperature on the polymerase
activity of POLD1, the DNA polymerase activity was measured at
different temperatures ranging from 15°C to 45°C. To assess the
thermostability of POLD1, the protein was incubated at 30°C,
35°C, 40°C, 45°C or 50°C for 20 min, 40 min, 60 min or 80 min.
Then the residual activity of DNA polymerase was examined.
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2.6 Influence of pH on the polymerase activity of POLD1

The effect of pH on DNA polymerase activity was evaluated at
25°C over a pH range of 5.0-10.0. Different buffers (40 mmol/L)
were used: citric acid-Na,HPO, (pH 5.0 to 6.0), phosphate buffer
(pH 6.0 to 8.0) and boric acid-NaOH buffer (8.0 to 10.0). To evalu-
ate the POLD1’s stability at different pH values, the protein was
pre-incubated at a series of pH buffers (pH 5.0-10.0) for 20 min, 40 min,
60 min or 80 min. Subsequently the pH values of various reaction
solutions were adjusted to pH 6.0 and the residual activity of
POLD1 was examined.

2.7 Evaluation of influence of chelating agent, reducing agent,
protease inhibitor, detergents and metal ions on polymerase
activity of POLDI
The recombinant POLD1 was incubated with different chelat-

ing agent, reducing agent, protease inhibitor, detergents or metal

ions at 25°C for 1 h. Subsequently the residual enzymatic activity
was determined. The enzymatic activity without inhibitors or
metal ions was defined as 100%. The protein inhibitors included
ethylene diamine tetraacetic acid (EDTA), phenylmethanesulf-
onyl fluoride (PMSF), sodium dodecyl sulfate (SDS) or dithio-
threitol (DTT) at a concentration of Immol/L and Triton-X 100 or

Tween 20 at a concentration of 0.1% (w/v). To evaluate the influ-

ence of metal ions on the activity POLD1, the regular metal ions

were chosen, such as Mn?2+, Ca?+, Ba2*, Cu?+*, K* and Zn?*. The
metal ions used were BaCl,-2H,0, CaCl,, CuCl-2H,0, KCL,

ZnS0,-7H,0 and MnCl,-4H,0 at a final concentration of 10 mmol/L

(Vasuvat et al., 2016; Vashishtha et al., 2016)

2.8 Kinetic parameters of POLDI using dNTP

Kinetic characterizations of POLD1 were performed using dif-
ferent concentrations of ANTP (0.6 pmol/L, 0.8 pmol/L, 1.0 pmol/L,
1.2 pmol/L, 1.4 pmol/L, 1.6 umol/L, 1.8 pmol/L and 2.0 pmol/L
each) as the substrate. Kinetic parameters (K,, and V, , ) were es-
timated by linear regression from Lineweaver- Burk plot.

2.9 Statistical analysis
All numerical data were analyzed by one-way ANOVA and ex-
pressed as mean + standard deviation.

3 Results

3.1 Characterization of vent shrimp POLD1

To characterize the DNA polymerase of deep-sea animals,
POLDI gene was cloned from vent shrimp R. exoculata. The res-
ults showed that a 2 700-nt cDNA was obtained from R. exocu-
lata (Fig. 1a). The cDNA contained an open reading frame (ORF),
which encoded an 852-amino-acid protein (Fig. 1a) (GenBank
accession no BankIt1979515 Seql KY412554). The POLD1 of R.
exoculata contains a DNA polymerase type-B domain, three met-
al binding sites, and a zinc-finger domain (Fig. 1a). This 852-
amino-acid protein shared high homology with the proteins in
other animals. The phylogenetic analysis using neighbor-joining
method showed that the R. exoculata POLD1 was close to that of
Oratosquilla oratoria (Fig. 1b).

Recombinant shrimp POLD1 was expressed as a His tag fu-
sion protein in bacteria E. coli and purified by Ni?* affinity chro-
matography from soluble bacterial extracts. The results indic-
ated that a band about 106 kDa corresponding to the POLD1-His
tag fusion protein was observed in the induced bacteria contain-
ing the recombinant plasmid (Fig. 1c). No protein band was
found at the same position in non-induced bacteria. SDS-PAGE
showed that the recombinant POLD1 preparation contained a
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single 106 kDa polypeptide (Fig. 1c).

3.2 Effects of temperature on the activity and stability of POLD1

To evaluate the effects of temperature on the POLD1 poly-
merase activity of vent shrimp, the recombinant POLD1 poly-
merase activity was examined at different temperatures. The res-
ults indicated that POLD1 showed enzymatic activity over a
range of 20°C to 40°C with an optimum temperature at 25°C cor-
responding to the R. exoculata’s living environment temperature
(Fig. 2a). When the temperature was higher than 40°C, the poly-
merase activity was very low (Fig. 2a).

The thermostability assays revealed that the vent shrimp
POLD1 was stable at 25°C for at least 80 min. When the temperat-
ure was increased to 30°C or 35°C, about 65% of the enzyme
activity remained after 80 min. If the temperature rise to 45°C, the
enzyme activity remained about 10% after 80 min. When the tem-
perature was higher than 50°C, the polymerase activity de-
creased sharply (Fig. 2b).

3.3 Influence of pH on the DNA polymerase activity of POLD1

To explore the optimum pH value of DNA polymerase activ-
ity, the enzymatic activity of vent shrimp POLD1 was monitored
at different pH values. The results indicated that this enzyme was
active over a wide range of 5.0 to 8.0, with an optimum at pH 6.0.
The enzyme activity was only 39% and 26% of that of the optim-
um pH when the pH was 5 and 9 respectively, but remained 85%
and 78% activity when the pH was 7 and 8, respectively (Fig. 3a).
The recombinant polymerase showed a good tolerance when pH
values maintain between 6 and 8. However, the polymerase
activity decreased sharply at pH 5, 9, and 10 (Fig. 3b).

3.4 Effects of chelating agent, reducing agent, protease inhibitor,
detergents and metal ions on the DNA polymerase activity of
POLDI
To evaluate the influence of inhibitors on the polymerase

activity of POLD1, the recombinant POLD1 was incubated with

different chelating agent, reducing agent, protease inhibitor and
detergents, followed by the detection of residual activity of DNA
polymerase. The results revealed that in the presence of EDTA

and SDS, the enzyme activity was significantly decreased to 9.2%

and 13.5%, respectively. In the present of protease inhibitor

PMSEF, the activity was 65% compare to that of the control. In the

presence of detergents of Triton-X 100 and Tween 20, the poly-

merase activities of POLD1 were enhanced by 10.2% and 27.6%,

respectively (Fig. 4a).

In order to assess the effects of metal ions on the polymerase
activity, the recombinant enzyme was incubated with different
metal ions and then the enzymatic activity was measured. The
results indicated that the presence of K+, Ba?*, Cu?* or Zn?* has
no obvious effect on the enzymatic activity, but the activity of the
enzyme was significantly enhanced by Mn?* (Fig. 4b).

3.5 Kinetic characterization of POLD1 using dNTP

To evaluate the affinity between enzyme and substrate, the
kinetic parameters (V,,,, and K ) of POLD1 were obtained from
Lineweaver-Burke plots of specific activities at pH 6.5 and 25°C
with different concentrations of ANTP. The results showed that
K, value was 4.7 pmol/L and V,_, was 104.16 pmol/(L-min) (Fig. 5).

4 Discussion

Replication of the leading and lagging strands of the euka-
ryotic nuclear genome involves multiple DNA polymerases.
Among DNA polymerases, Pold plays the most important role re-
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sponsible for the synthesis of the lagging strand (Hiibscher et al.,
2002). To characterize the Pols of deep-sea vent shrimp, the re-
combinant Pol§ instead of the enzyme purified from vent shrimp
tissues was employed in this study, because of the very limited
number of vent shrimp from deep-sea hydrothermal vents.

In the present study, POLD1 of vent shrimp Rimicaris exocu-
lata was successfully amplified and recombinantly expressed in
E. coli. The results showed that the ORF of POLD1 of vent shrimp
was 2 700-nt. The deduced amino acid sequence (852 amino
acids) shared high homology with the proteins in other animals.
In eukaryotes, the POLD1 generally includes five domains, in-
cluding two zinc-finger domains, the substrate binding domain,
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the center of the catalytic activity, the signal region of nucleus
location, and the metal iron binding sites. Generally, the N-ter-
minal of Pol3 catalytic subunit contains no active domain (Baran-
ovskiy et al., 2008; Biertiimpfel et al., 2010). Within the DNA poly-
merase type-B delta subfamily catalytic domain, there is one
metal-binding site, which is conserved in animals (Marchler-
Bauer et al., 2011, 2015). In the present study, the recombinant
POLD1 was shorter than the reported POLD1, due to the lack of
N-terminal. The analysis indicated that POLD1 of vent shrimp
contained three active domains, 3'-5' exonuclease domain, DNA
polymerase type-B delta subfamily catalytic domain and zinc-fin-
ger domain of DNA polymerase delta. In this context, the vent
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Fig. 1. Characterization of vent shrimp POLDI. a. Nucleotide sequence and deduced amino acid sequence of shrimp R. exoculata
POLDI1. The functional domains of POLD1 were boxed. b. Phylogenetic analysis of POLD1 showing the positions of eight crustaceans
used in the analysis. The tree was constructed by neighbor-joining method based on the protein sequence. The GenBank accession
numbers were indicated in the parentheses. c. SDS-PAGE of expressed and purified proteins encoded by POLD1 gene of vent shrimp.

Lanes M, protein molecular mass marker (kDa); 1. non-induced recombinant bacterium; 2. induced recombinant bacterium;
3. purified fusion protein His tag POLD1.
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Fig. 2. Effects of temperature on the activity and stability of POLD1. a. Optimum temperature of POLD1. DNA polymerase activity of
vent shrimp POLD1 was assayed at various temperatures ranging from 15°C to 45°C. b. The thermostability of POLD1. The residual
enzymatic activities were evaluated after incubation of the enzyme solution for 20 min, 40 min, 60 min or 80 min at 25°C, 30°C, 35°C,

40°C, 45°C or 50°C. In all panels, the maximum enzymatic activity was designated as 100%. Each point indicated the mean of triplicate
assays within standard deviation.
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Fig. 3. Influence of pH on the DNA polymerase activity of POLD1. a. The range of pH values of vent shrimp POLD1. The DNA
polymerase activity was examined at 25°C with different pH values ranging from 4.0 to 10.0. b. The DNA polymerase’s stability at
different pH values. The recombinant polymerase was pre-incubated at a series of pH buffers (pH 5.0-10.0) for 20 min, 40 min, 60 min,
or 80 min, followed by the DNA polymerase activity assay. The maximum enzymatic activity was designated as 100%. Each point
indicated the mean of triplicate assays within standard deviation.
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Fig. 4. Effects of chelating agent, reducing agent, protease inhibitor, detergents and metal ions on the DNA polymerase activity of
POLDL. a. Influence of inhibitors on the enzyme activity. The recombinant POLD1 was incubated with different inhibitors. Then the
residual DNA polymerase activity was determined. The enzyme activity without inhibitors was defined as 100%. Each column
indicated the mean of triplicate assays. b. Effects of metal ions on the DNA polymerase activity. The enzyme was incubated with
different metal ions, followed by the examination of relative enzymatic activity. In all panels, the activity of enzyme without any
treatment was designated as 100%. Each column represented the mean of triplicate within standard deviation. The significant
differences between treatments and the control were indicated with asterisks (**, p<0.01).

shrimp Pol§ catalytic subunit could catalyze the synthesis of DNA
in this study.

Divalent metal ions are essential components of DNA poly-
merases both for catalyzing nucleotide transfer reaction and base
excision. All DNA polymerases require Mg?+ or Mn?* for primer

late agent EDTA inhibited the DNA polymerase activity of
POLD], indicating that POLD1 requires divalent metal ions for
primer extension. The fluids around DSHV where vent shrimp R.
exoculata lives are enriched in metals, such as Na*, K+, Mg?+,
Ca?*, Mn?*, Cu?*, Ba?*, Zn?+, and Co?* (Hutnak et al., 2008). Metal

extension and for removal of incorrectly incorporated dNTPs
(Vashishtha et al., 2016). Metal occupy sites A and B for DNA syn-
thesis. A metal is in an octahedral complex composed of two
highly conserved acidic residues, water molecules, and the 3-hy-
droxyl group of the primer. Its catalytic function is to reduce the
hydroxyl pKa, making it a highly efficient nucleophilic cell, which
can attack the phosphorus atoms of the incoming dNTPs. B met-
al helps to stabilize the transition state for nucleotide excision
(Vashishtha et al., 2016). Substitution of Mg?* with other divalent
metal tend to reduce the fidelity of DNA replication (Vaisman et
al., 2005). The results of this investigation showed that the che-

Ba?+, Cu®* or Zn?* is not able to support the polymerase activity
(Vashishtha et al., 2016). The results showed that the presence of
K+, Ba?+, Cu?* or Zn?* has no obvious effect on the enzymatic
activity, indicating that POLD1 of shrimp R. exoculata is stable
under metal stress and its activity is not significantly affected by
metal ions in the DSHV environment. Previous studies showed
that Co?* and Mn?* could effectively replace Mg?* but caused an
increase in misincorporation (Seal et al., 1979; Hays and Berdis,
2002). The present results also showed the activity of the enzyme
was significantly enhanced by Mn?*, indicating that Mn?* may be
a good substitute for Mg?+ in the terms of enzymatic activity. Due
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Fig. 5. Kinetic characterization of POLD1 using dNTP. The kin-
etic parameters K, and V, , were estimated by linear regression
from Lineweaver-Burk plots. All polymerase activity assays were
conducted at 25°C and pH 6.5. Each point represented the mean
of triplicate assays.

to limited opportunities and logistical difficulties in deep-sea
sampling, the knowledge of metal bioaccumulation of deep-sea
organisms and their relationships with environmental character-
istics is quite scarce. Although there is no study on the concentra-
tion of metal ions in shrimp tissues from hydrothermal vents,
studies from mussels show that despite quite different metals
loads among the geochemical environment settings, Mn, Zn, and
Cu concentrations varied over a smaller range across the samp-
ling sites, implying biological regulation by deep-sea mussels for
these elements (Zhou et al., 2020). In deep-sea hydrothermal
vents, the vent shrimp R. exoculata are found to swarm around
hydrothermal black smoker chimneys. This species maintains
close proximity to the hydrothermal fluids, where steep thermal
and chemical gradients are expected (Desbruyeres et al., 2001).
They inhabit the chimney wall on the gradient between hydro-
thermal fluid and cold oxygen environment seawater, and the
temperature ranges from 3°C to 25°C (Le Bloa et al., 2017). There-
fore, the species must evolve molecular mechanisms to cope with
extreme temperature fluctuations. However, the understanding
of the heat tolerance of this species and other deep-sea vent spe-
cies is still limited due to the complexity of access to the vents
and the difficulty of sampling and in vivo experiments on deep-
sea animals under good physiological conditions. Deep-sea
shrimp R. exoculata shows a higher thermal tolerance than the
coastal shrimp Palaemonetes varians (Ravaux et al., 2019). This
study showed that the polymerase activity of vent shrimp POLD1
was decreased when the temperature was higher than 30°C. The
optimum temperature of vent shrimp POLD1 was 25°C, which
was comparable to those of other marine shrimp DNA poly-
merases. The results also indicate that in a short period of time,
such as 10 minutes, the effect of temperature on enzyme activity
was not significant. This result has significant ecological implica-
tions, since this would mean that R. exoculata POLD1 is not af-
fected by short temperature variations in its natural environ-
ment, which is an advantage in a thermal environment that is
highly variable on short time scales. As reported, most types of
DNA polymerases keep high activity under the condition of weak
acid (Biertiimpfel et al., 2010), which was consistent with the
findings in this investigation.

The extreme conditions with sulfide, heavy metals, high pres-
sure, and low dissolved oxygen in hydrothermal vents pose
severe challenges to local inhabitants. Shrimps of the genus
Rimicaris is one of the most studied hydrothermal crustaceans.
However, the mechanism of their environmental adaptation and
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survival is unclear. A comparative transcriptome analysis of
Rimicaris sp. was performed recently (Zhang et al., 2017). A large
number of differentially expressed genes were found by compar-
ing the transcriptome of the vent shrimp and the shrimp from the
vent which were raised in the laboratory for 10 days. Among
these differentially expressed genes, there are genes related to
sulfide metabolism and anti-oxidative stress, which are likely in-
volved in deep-sea survival. However, the adaptation strategies of
deep-sea organisms to metals are not the same. A comparative
transcriptome analysis of deep-sea mussels and their close relat-
ives has shown that all mussels can adapt to different habitats,
but different species may prefer to use different members of the
same gene family (Zheng et al., 2017). In the present study, the
activity of vent shrimp POLD1 was found stable under vari-
ousions and high concentrations, indicating that it was adapted
to high salt concentration.

Considering the lack knowledge of the adaptation mechan-
ism of deep-sea animals, the present results of vent shrimp
POLD1 at least provide clues of potential adaptive molecular
basis, and provide reference data for the future research of deep
sea shrimp.
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