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Translationally controlled tumor protein (TCTP) is one of the most abundant proteins in various eu-
karyotic organisms. TCTPs play important roles in cell physiological processes in cancer, cell pro-
liferation, gene regulation, and heat shock response. TCIP is also considered an important factor in
the resistance to oxidative stress induced by dithiothreitol or hydrogen peroxide (H:O,). Arctic cala-
noid copepods have a variety of antioxidant defense systems to regulate the levels of potentially
harmful reactive oxygen species generated by ultraviolet radiation in the Arctic marine ecosystem.
However, information on the antioxidant activity of TCTP in the Arctic Calanus glacialis is still scarce.
To understand the putative antioxidant function of the Arctic copepod C. glacialis TCTP (Cg-TCTP),
its gene was cloned and sequenced. The Cg-TCTP comprised 522 bp and encoded a 174-amino acid
putative protein with a calculated molecular weight of ~23 kDa. The recombinant Cg-TCTP (Cg-r
TCTP) gene was overexpressed in Escherichia coli (BL21), and Cg-rTCTP-transformed cells were grown
in the presence or absence of HyO,. Cg-rTCTIP-transformed E. coli showed increased tolerance to high
Hy0, concentrations. Therefore, TCTP may be an important antioxidant protein related to tolerance
of the Arctic copepod C. glacialis to oxidative stress in the harsh environment of the Arctic Ocean.
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Introduction

The translationally controlled tumor protein (TCTP) is
highly conserved among eukaryotes, and it was originally
described as being a growth-related protein in mouse ascites
and erythro-leukemic cells [4]. In several organisms, TCTPs
are related to diverse cellular processes including apoptosis,
microtubule organization, and ion homeostasis, and to inter-
act with many proteins [4].

Oxidative stress is known to drive and support the aging
process and the development of various diseases; therefore,
there has been a growing interest on identifying genes that
can protect cells from oxidative stress damaging effects.
Several studies demonstrated that TCTP has important func-
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tions in cell growth and anti-apoptotic activity [6, 14, 23,
26]. In particular, upregulation of cellular TCTP levels in-
duced by oxidative stress were found to affect the cellular
protection against cell death. Indeed, TCTP upregulation in-
duced by treatment with hydrogen peroxide (H20,) or ar-
senic trioxide was observed in breast cancer [23]. However,
in the case of another tumorigenic cell line (CHO-K1), H;O;,
treatment did not enhanced TCTP levels [26]. Overall, the
underlying mechanism of oxidative stress-promoted TCTP
upregulation remains poorly understood.

Reactive oxygen species (ROS), such as H.0,, superoxide,
and hydroxyl radicals, are produced in cells in the course
of normal metabolism, as a result of various oxidative
reactions. In vitro treatment of cells with exogenous HxO»
has been related to intracellular ROS production, with ROS
accumulation inside cells triggering DNA strand breaks, the
oxidation of lipids, and the decrease of intracellular antioxi-
dants. Moreover, if the oxidative stress is low, cells may sur-
render to the cytotoxic effects of the accumulated ROS and
die by either apoptosis or necrosis, according to the type
of cell and microenvironment conditions [13, 25, 29].
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Polar coastal ecosystems have been threatened by in-
creased ultraviolet B (UV-B) radiation due to ozone deple-
tion [24]. UV-B radiation can penetrate significant biological
depths in seawater and causes biological damage by altering
the DNA in the nuclei of the cells [8]. Direct UV-B exposure
has been associated with physiological and biological proc-
esses in Arctic amphipods [28], northern temperate zoo-
plankton, and ichthyoplankton [7]. UV-B has been also
linked to oxidative stress, as it can induce the generation
of ROS in surface waters [1] and to influence the Arctic ma-
rine ecosystem [17].

Copepod species of the genus Calanus take part in a pre-
dominant proportion of zooplankton biomass in the Arctic
Ocean, and they have been proposed as useful model organ-
isms for toxicology, genetics, and molecular biology studies
[2, 19, 26]. Indeed, copepods have provided interesting in-
sights into stress reactions in gene profiling studies [16, 21,
22]. Interestingly, in order to regulate ROS, the Arctic cala-
noid copepods have a variety of antioxidant defense
systems. However, to date, little is known on the potential
antioxidant effect of TCTIP in the Arctic Calanus glacialis.

In this study, the antioxidant activity of TCTP was ana-
lyzed in Arctic copepod C. glacialis in Escherichia coli cells
under stress conditions driven by HyO,. Such information
may provide additional insights on the antioxidant potential
of TCTP.

Materials and Methods

Sample collection

C. glacialis was collected in July 2005 from the seawater
around the Korea Arctic Research Station, Dasan, in Ny-
Alesund, Svalbard, Norway (79°N, 12°E). Samples were ho-
mogenized in TRIzol reagent for RNA extraction. The identi-
fication of this species was conducted by partial large sub-
unit ribosomal DNA (LSU rDNA) sequence analysis [18].

Amplification of TCTP

Total RNA was extracted using easy-BLUE Total RNA
Extraction kit (Intron, Seongnam, Korea), and was dissolved
in RNase-free water. The isolated RNA was stored at —80°C
until further use. To synthesize complementary DNA (cDNA),
2 ug of total RNA was used, and the cDNA was synthesized
using the M-MLV Reverse Transcriptase kit (Enzynomics,
Daejeon, Korea) according to the manufacturer’s instructions.

For recombinant protein expression, the open reading frame

(ORF) of TCTP (Cg-TCTP) was amplified by polymerase
chain reaction (PCR) as per the following conditions: 35 cy-
cles of 94C for 30 sec, 46C for 30 sec, 72°C for 50 sec, with
a final extension at 72°C for 10 min. Primers were designed
from the expressed sequence tags of C. glacialis. The nucleo-
tide sequences of the forward and reverse PCR primers were
5 ATGAAGATCTTCAAGGATGT - 3" and 5 - CTAGCACT
TCTCCTCTTCAAGAC - 3, respectively. The amplified
fragment was purified using a PCR product purification kit

(Intron, Seongnam, Korea).

Expression of and purification of recombinant Cg-
TCTP

The PCR product was directly inserted into the pEXP5
TOPO TA vector (Invitrogen, Waltham, Massachysetts, USA),
which was used to transform E. coli BL21 (DE3) cells. The
cloning strategy was designed to induce the expression of
TCTP from C. glacialis containing an additional C-terminal
His6 tag (Cg-rTCTP). The transformants were spread onto
Lauria - Bertani (LB) agar plates containing 50 pg/ml ampi-
cillin and incubated at 37°C, and recombinant cells were cul-
tured on LB medium containing 50 pg/ml ampicillin. Protein
expression was induced as the culture optical density (OD)
reached 0.7 to 0.8 by the addition of 0.5 and 1 mM isopropyl
B-D-thiogalactopyranoside (IPTG). Optimal expression of
CgTCTP was achieved at 0.5 mM IPTG. Cg-rTCTP was di-
rectly analyzed on a 10% sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis and stained with Coomassie
brilliant blue (Bio-Rad, Hercules, California, USA). The pro-
tein samples were boiled for 10 min at 100°C before being
loaded onto the gel. Subsequently, the histidine-tagged re-
combinant proteins were purified using an immobilized
metal affinity column chromatography (Clontech, Kusatsu,
Japan) according to the manufacturer’s recommendations.

Immunoblotting

Upon the gel electrophoresis, the proteins were transferred
to a PVDF membrane (Millipore, Cambridge, Massachysetts,
USA). Afterwards, the membrane was blocked with 5% skim
milk and incubated for 2 hr at room temperature with an
Anti-His6 IgG (1:500; Roche, Buonas, Switzerland), followed
by a peroxidase-conjugated AffiniPure F(ab’)2 fragment an-
ti-chicken IgG (H+L) (1:20,000; Jackson ImmunoResearch
Laboratories, West Grove, Pennsylvania, USA) for additional
1 hr at room temperature. Next, the PVDF membrane was
washed, and the SUPEX Western blot detection kit (Neuro-



nex, Providence, Rhode Island, USA) was used to visualize
the protein signals. The respective images were detected
with a luminescent image analyzer (LAS-3000; Fujifilm,
Tokyo, Japan).

H20: tolerance bioassay

To test the sensitivity of E. coli cells to HyO,, Cg-rTCTP-
transformed bacterial cells were grown until the OD range
of the culture reached 0.7-0.8. Then, the cultures were in-
duced with IPTG at a final concentration of 0.5 mM added
to the LB medium containing ampicillin. HO, was serially
added to the induced bacterial cells, ranging from 1 to 20
mM and cultured for 12 and 24 hr. A plate culture was used
to test the diluted cells (ranging from 1:1 to 1:10), with 10
ul of each dilution being platted on LB agar medium contain-
ing 3 and 5 mM H,O,. Plates were then incubated at 37°C
overnight. Bacterial cells expressing the empty vector were
similarly plated as controls. Growth of the bacterial cells af-
ter incubation was compared between the control and ex-

perimental groups.
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Results

Sequence analysis of C. glacialis TCTP

To evaluate the TCTP sequence, its ORF was obtained
from the full-length C. glacialis cDNA. The resulting ORF
comprised 522 bp, encoding 173 amino acids. Based on a
BLAST search using the inferred amino acid sequence,
Cg-TCTP showed high similarity of sequence identity with
other eukaryotic TCTP genes. Alignment of the predicted
Cg-TCTP sequence with the corresponding TCTP from eight
different organisms showed a high degree of preservation
over long-term evolution. According to the characteristic fea-
tures of TCTPs, Cg-TCTP also comprised distinctly specified
TCTP-1 and TCTP-2 signature, which represent the amino
acid positions 45-56 and 129-152, respectively. Alignment of
the basic amino acid-rich domain sequences revealed sim-
ilarities with part of the microtubule-binding domain (MTB)
and calcium-binding domain (CaB). Moreover, the Cg-TCTP
amino acid sequence showed 71% homology with that of
Tigriopus japonicus. In addition, alignment of Cg-TCTP with

C. glacialis MK | FKDVFSGDELFSDTYPMSLKNN-VMYE | | GKYETRKEG—EVVLAGANASEDAQGDD 57

T. japonicus MK | FKD | FTDDELFSDTYKMKLVDE-CLWEVYGKYE TRQGD-—EVVLEGSNAS—AEEAD 55

0. melanogaster MKIYKD! | TGDEMFADTYKMKLVDD-V I YEVYGKL | TRRGD—D0 | KLEGANAS—AEEAD 55

8. malayi ML | FKDAF TDDELASDSFPMKLVDG-L I WEFKGRQVVRREG——E | QLAGANPSAEGEDGD 57

C. elegans ML 1 YKD | FTDDELSSDSFPMKLVDD-LVYEFKGKHVVRKEG—E | VLAGSNPSAEEGAED 57

A. thaliana MLVYQDLL TGDELLSDSFPYKE | ENG | LWEVEGKWY TVGAV-—DVN|| GANPSAEEGGED 57

Yeast MLLYKDV | SGDELVSDAYDLKEVDD- | VYEADCQMVTVKQG--GDVD)| GANPS-AEDAEE 56

Mouse M1 1'YRDL | SHDELFSD 1 YK | RE | ADGLCLEVEGKMVSRTEGA | DDSL| GGNAS-AEGPER 59

Human M1 1 YRDL | SHDEMFSD 1 YK | RE | ADGLCLEVEGKMVSRTEGN | DDSL| GBNAS-AEGPER 59

* JoLik (o W (& O * . * Kk *
TCTP-1

C. glacialis EGDDGTSVSG | DVVLNHALVE T-GF GDKKGF TAYLKAYMKKVLKYLEENDR-AAE | EEFK 115

7. japonicus EGTDSTSTSG I D I VLNHRLVET-GFGSKKDF TVYLKDYMKKVVKYLEEHDR-ASEVEEFK 113

0. melanogaster E£GTDI TSESGVDVVLNHRL TECFAFGDKKSYTLYLKDYMKKVLAKLEEKS—PDQVDIFK 113

8. malayi EGSEECVERG | DFVLNHRLQEMNCYEDLATFKSYCKSFMKKVVELMQKNGKSEAE | SEFK 117

C. elegans DGSDEHVERG 1D 1 VLNHKLVEMNCYEDASMFKAY | KKFMKNV | DHMEKNNRDKADVDAFK 117

A. thaliana EGVDDSAQKVVD | VDTFRLQEQPTYDKKG-F I AY IKKY IKLLTPKLSEED-————QAVFK 111

Yeast NAEEGTETVN-NLVYSFRLSPT-SFOKKS-YMSY | KGYMKA | KARLQESN-—PERVPVFE 111

Mouse EGTESTVVTGVD | YMNHHLQET-SFTKEA-YKKY | KDYMKSLKGKLEEQK--PERVKPFM 115

Human EGTESTVI TGVD | VMNHHLQET-SFTKEA-YKKY | KDYMKS | KGKLEEQR--PERVKPFM 115

C. glacialis AN NGVMKDLMG—RFKDLLFFSGESMOP——DAM| AMCEYKDVDGKGEKP | LMFFKHGL 170

7. japonicus KN | STVMKDLL G—RFKDMQFF TGESMDP-—DAM| CMCEYKEVDGE-ERPVLMFFKHGL 167

0. melanogaster TNMNIKAMKD | LG—RFKELQFF TGESMDC-——DGMVAL VEYRE | NGD-SVPVLMFFKHGL 167

B. malayi RK 1 QAWVVSLLSKDRFKQLQFF | GERMAEGQGEGQVAVVEYRDEEDG-EVPYLMLVKEAL 176

C. elegans KKK | QGWVVSLLAKDRFKNLAFF | GERAAEGAENGQVA| | EYROVDGT-EVPTLMLVKEAI 176

A. thaliana KG I EGATKFLLP—RLSDFQF FVGEGMHD-—DSTLVFAYYKEGSTN——PTFLYFAHGL 163

Yeast KNAGFVKK | LA—NFKDYDFY | GESMDP-—DAMVVLMNYREDG | T-——PYMI FFKDGL 163

Mouse TGAAEQ|KHI LA—NFNNYQFF | GENMNP-——DGMVALLDYREDGVT-—PFMIFFKDGL 167

Human TGAAEQ | KH I LA—NFKNYQFF | GENMNP-—DGMVALLDYREDGVT-—PYM I FFKDGL 167

H . *. kx C 19 -
|
TCTP-2 Fig. 1. Multiple sequence alignment of various

C. glacialis EEEKC 175 TCTPs was determined using the ClustalW
07‘ /IIZZZ (’) ;’;ﬁ . éggig :;g software. The boxes show the TCTP-1 and
8. malayi IEEKQ 181 TCTP-2 signature regions. Calcium-bind-
C. elegans IEEKC 181 : : P
ik h;/’ e {EViC Hca ing (CaB) and microtubule binding (MTB)
Yeast VSEKF 168 regions are indicated by dark and white
Mouse EMEKC 172 .
Human EMEKG 172 bars, respectively.
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TCTP homologue proteins of T. japonicus (accession AAR
88095), Brugia malay (XP_001897741), Caenorhabditis elegans
(Q93573), Drosophila melanogaster (QIVGS2), yeast (NP_
594328), Arabidopsis thaliana (AAM66134), mouse (P14701),
and human (NP_003286) was determined using ClustalW

(Fig. 1).

Expression of C. glacialis TCTP

The cDNA of C. glacialis TCTP was inserted into a eukary-
otic expression vector, which was used to induce the ex-
pression of a recombinant Cg-TCIP in E. coli. Analysis of
the obtained Cg-sTCTIP revealed a ~23 kDa protein on
SDS-PAGE (Fig. 2A, lane 3), which was detected in low
amounts in both insoluble and soluble fractions of the cell
extracts (Fig. 2A, lane 2). The Cg-rTCIP expression in E. coli
was detected by immunoblotting using a monoclonal anti-

body against His-tag (Fig. 2B).

Evaluation of Cg-rTCTP-transformed E. coli cells
resistance to Hx0:

To further confirm the antioxidant potential of Cg-rTCIP,
E. coli cells expressing the recombinant protein or the empty

A M 1 2 3 B wm 1 2
kDa L ——
g
75— e
= 75 [
37 TS0 .
37 [

25 | : X
25 " ) <« 23
20 e
s i

Fig. 2. Chromatographic purification and separation of Cg-TCTP
protein. Optimal expression of Cg-rTCTP was achieved
at 0.5 mM IPTG. Cg-rTCTP was directly analyzed on a
10% sodium dodecyl sulphate-polyacrylamide gel and
stained with Coomassie brilliant blue. The histidine- tag-
ged recombinant proteins were purified using an immo-
bilized metal affinity column chromatography. A. 10%
sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) results before (lane 1) and after
(lane 2) induction. Recombinant Cg-TCTP protein puri-
fied on a Co-NTA column (lane 3). B. Immunoblot analy-
sis of the recombinant protein (lane 1; control vector, lane
2; His-tagged Cg-rTCTP). The arrows indicate the TCTP
recombinant protein.

vector alone were cultured in media containing 0-5 mM
H;O; for 24 hr. The survival rate of the cells transformed
with the empty vector (control) was reduced by approx-
imately 36-40% at 2 and 5 mM H;O, compared with cells
in the absence of HyO,, whereas Cg-rTCTP-transformed cell
survival was largely unaffected by HxO»-induced toxicity
(Fig. 3). In plate cultures containing 5 mM H,O,, which was
a critical concentration for inhibiting cell growth, E. coli cells
harboring TCTP and the empty vector did not survived (Fig.
4C). However, Cg-rTCTP-producing cells survived at a den-
sity of 1:5 in medium containing 3 mM H,O, (Fig. 4B).
Additional analyses revealed that as soon as E. coli cells
were exposed to HyO,, their logarithmic growth was im-
paired and the culture reached a stationary-like phase. When
the HO, concentration was 3 mM, which was critical con-
centration for inhibiting cell growth in plate culture, the sur-
vival status of E. coli expressing Cg-rTCTP was maintained

as compared with the control group (Fig. 5).

Discussion

This study is the first report on the antioxidant activity
of TCTP from C. glacialis in the Arctic Ocean. Aquatic organ-

Culture time 24 hr

120

100 S

80

60

Survival (%)

40

20

0 mM 2 mM 5 mM
H,0, concentration

Fig. 3. Comparison of growth resistance to hydrogen peroxide
(H202) between Escherichia coli transformed with pEXP5
TOPO TA vector containing C. glacialis TCTP and pEXP5
TOPO TA vector alone as control. In order to confirm
the antioxidant potential of Cg-rTCTP, E. coli cells ex-
pressing the recombinant protein or the empty vector
alone were cultured in media containing 0-5 mM H,O,
for 24 hr. Survival capacity of control E. coli (white box)
and bacteria expressing the recombinant Cg-TCTP (black
box) in the presence of difference concentrations of H;O,
for 24 hr.
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C
1:5 1:10 1 1:5 1:10

Fig. 4. Hydrogen peroxide (H>O;) tolerance of E. coli cells transformed with Cg-rTCTP gene. Cells were serially diluted (from 1:1
to 1:10) and were plated on LB agar containing different concentrations (0 mM, 3 mM, or 5 mM) of H,O,. After incubation
for 12 hr at 37°C, the growth of cells harboring the empty vector was inhibited, whereas cells expressing Cg-TTCTP showed
enhanced growth up to a dilution of 1:5 in the presence of 3 mM H,O, (B).

0 mM H,0,

0 5 10 15 20 25
Time (hr)

3 mM H,0,

0 5 10 15 20 25

Time (hr)

Fig. 5. Growth curves of control (pEXP5 TOPO TA vector control) and transformed (Cg-tTCTP) E. coli cells in LB medium containing
ampicillin. A plate culture was used to test the diluted cells (ranging from 1:1 to 1:10), with 10 pl of each dilution being
platted on LB agar medium containing 3 mM H;O, for 24 hr. Bacterial cells expressing the empty vector were similarly
plated as controls. Growth of the bacterial cells after incubation was compared between the control and experimental groups.
Growth was monitored spectrophotometrically by following the optical density at A600 nm.

isms are frequently exposed to environmental factors (e.g.,
cold, heat, and osmotic conditions) and chemical stresses
(e.g., endocrine disruptor chemicals and hydrocarbons).
Therefore, organisms may respond to these stresses by acti-
vating different cellular mechanisms [20], with protective re-
actions being described in both prokaryotes and eukaryotes
[27]. To date, few studies on gene expression and stress re-
sponse from marine copepods have been published, al-
though they are known to have defense mechanisms [20].
Indeed, previous reports have identified TCTP as an anti-
oxidant enzyme in filarial parasites [15]. TCTP was shown
to exhibit an extracellular function as a histamine release

factor and to hold anti-apoptotic activity [6]. In addition, the
expression of TCTP was upregulated under stress con-
ditions, such as oxidative stress, heat shock, and the presence
of metals.

In the present study, a recombinant protein derived from
C. glacialis TCTP was expressed in E. coli. The complete nu-
cleotide sequence of the Cg-TCTP was 522 bp in length, and
its predicted encoded protein showed high similarity to the
T. japonicus (71%). TCTP is highly conserved among eukary-
otic organisms. Interestingly, Cg-TCTP was found to com-
prise two signature regions, named TCTP 1 and TCIP 2,
which are structurally similar to the Mss4/Dss4 family [30].
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Moreover, it also had basic amino acid-rich regions at 45-56
and 129-152 bp, which were very similar to the MTB and
CaB domains, respectively. In accordance with this finding,
TCTP was previously described as a calcium-binding protein
that protects cells from calcium stress-induced apoptosis [15].
Gnanasekar and Ramaswamy (2007) confirmed that pres-
ence of three cysteines located in the central portion of the
protein in filarial TCTPs and suggested that these cysteine
residues in recombinant TCTP from Brugia malayi were crit-
ical for its antioxidant function. However, only two cysteines
were identified at 149 and 175 position of the Cg-TCTP se-
quence [14]. Despite of this difference, the findings herein
described clearly suggest that Cg-TCTP may hold anti-
oxidant activity. Notably, Cg-rTCTP-transformed E. coli cells
survived under oxidative stress conditions. In the broth cul-
ture, Cg-rTCTP expression enabled E. coli cells to survive
in the presence of 5 mM HO; for 24 hr (Fig. 3). However,
cell growth on a plate containing 5 mM HyO, was completely
inhibited for 12 hr. When the H;O, level was increased to
10 and 20 mM, the growth of transformed and control cells
was strongly inhibited (data not shown). It has been re-
ported that recombinant TCTP homologs survive at a max-
imum concentration of 1.2 mM H,0, [14]. However, in this
study, it was confirmed that Cg-rTCTP-producing cells were
capable of sustaining growth at high concentrations (3 mM)
of HxO,. Control cells were incubated with purified TCTP
at various concentrations (0, 0.007, 0.07, and 0.7 mg), which
revealed that high concentration of TCTP (0.7 mg) enhanced
bacterial growth, whereas in the absence of TCTP it was in-
hibited (data not shown). As shown for the control condition
in Fig. 5, as soon as the induced cells were exposed to H;Oy,
growth entered a stationary-like phase. In contrast, the
growth of Cg-rTCTP-transformed cells was maintained re-
gardless of H;O, presence, which was similar to the growth
profile of control cells not exposed to H.O,. Altogether, these
results suggest that the TCTP of C. glacialis may have a pro-
tective function against HyOxinduced damage. Nevertheless,
additional studies are still necessary to explore the anti-
oxidative protective mechanisms of C. glacialis TCTP.
Over the past few years, several studies have explored
the biologically relevant functions of TCTIP. For example,
TCIP is a known target for artemisinin and has protective
functions against heat stress [3, 25]. Artemisinin is a highly
valuable drug used to treat malaria [11, 31] and is also
known to exhibit anticancer and anti-inflammatory activities
[9, 10, 32, 33]. Additionally, Eichhorn et al. (2013) suggested

that the antimalarial activity of artemisinin may be related
to molecular interaction with TCTP [12]. Furthermore, some
researchers have suggested that TCTP mRNA is down-
regulated in yeast cells exposed to heat shock [5], and that
TCTP expression is modulated by stresses such as starvation
and heat stress [6]. Contrasting to these findings, evaluation
of the impact of artemisinin treatment and exposure to heat
shock on the growth of Cg-rTCTP-transformed cells failed
to show any significant effects (data not shown).

To confirm the antioxidant effect of Cg-TCTP, Cg-rTCTP-
transformed E. coli cells were exposed to oxidative con-
ditions using H,O,. Overall, the transformed cells showed
increased tolerance against oxidative stress, indicating that
overexpression of Cg-rTCTPs protect bacterial cells from oxi-
dative damage caused by HxO, exposure. Altogether, this
study suggests that Cg-TCTP may have an important func-
tion as an antioxidant protein, and its antioxidant effect can
be related to improved oxidative stress tolerance of C. glacia-
lis in the harsh environment of the Arctic Ocean. Additional
studies are still warranted to provide more information on
function of TCTP in C. glacialis in the Antarctic and Arctic
Oceans.

Acknowledgement

This research was supported by the research project
(PE20010) of the Korea Polar Research Institute, Republic of
Korea.

The Conflict of Interest Statement

The authors declare that they have no conflicts of interest

with the contents of this article.

References

1. Abele, D,, Ferreyra, G. A. and Schloss, 1. 1999. HyO, accumu-
lation from photochemical production and atmospheric wet
deposition in Antarctic coastal and off-shore waters of
Potter Cove, King George Island, South Shetland Islands.
Antarct. Sci. 11, 131-139.

2. Ara, K., Nojima, K. and Hiromi, J. 2002. Acute toxicity of
Bunker A and C refined oils to the marine harpacticoid co-
pepod Tigriopus japonicus mori. Bull. Environ. Contam.
Toxicol. 69, 104-110.

3. Bhisutthibhan, ]., Pan, X. Q., Hossler, P. A., Walker, D. J.,
Yowell, C. A., Carlton, J., Dame, J. B. and Meshnick, S. R.
1998. The Plasmodium falciparum translationally controlled



10.

11.

12.

13.

14.

15.

16.

tumor protein homolog and its reaction with the antimalarial
drug artemisinin. J. Biol. Chem. 273, 16192-16198.

. Bohm, H., Benndorf, R., Gaestel, M., Gross, B., Niirnberg,

P., Kraft, R, Otto, A. and Bielka, H. 1989. The growth-re-
lated protein P23 of the Ehrlich ascites tumor: translational
control, cloning and primary structure. Biochem. Int. 19,
277-286.

. Bonnet, C,, Perret, E,, Dumont, X., Picard, A., Caput, D. and

Lenaers, G. 2000. Identification and transcription control of
fission yeast genes repressed by an ammonium starvation
growth arrest. Yeast 16, 23-33.

. Bommer, U. A. and Thiele, B. J. 2004. The translationally

controlled tumour protein (TCTP). Int. ]. Biochem. Cell. Biol.
36, 379-385.

. Browman, H., Rodriguez, C. A, Béland, F., Cullen, J. ],

Davis, R. F., Kouwenberg, ]J. H. M., Kuhn, P. S., McArthur,
B, Runge, J. A, St-Pierre, ]. F. and Vetter, R. D. 2000. Impact
of ultraviolet radiation on marine crustacean zooplankton
and ichthyoplankton: a synthesis of results from the estuary
and Gulf of St. Lawrence, Canada. Mar. Ecol. Prog. Ser. 199,
293-311.

. Dahms, H. U. and Lee, J. S. 2010. UV radiation in marine

ectotherms: molecular effects and responses. Aquat. Toxicol.
97, 3-14.

. Efferth, T., Dunstan, H., Sauerbrey, A., Miyachi, H. and

Chitambar, C. R. 2001. The anti-malarial artesunate is also
active against cancer. Int. |. Oncol. 18, 767-773.

Efferth, T., Sauerbrey, A., Olbrich, A., Gebhart, E., Rauch,
P., Weber, H. O., Hengstler, J. G., Halatsch, M. E., Volm,
M., Tew, K. D., Ross, D. D. and Funk, J. O. 2003. Molecular
modes of action of artesunate in tumor cell lines. Mol
Pharmacol. 64, 382-394.

Efferth, T. 2007. Willmar Schwabe Award 2006: Antiplasmo-
dial and antitumor activity of artemisinin—from bench to
bedside. Panta. Med. 73, 299-309.

Eichhorn, T., Winter, D., Biichele, B., Dirdjaja, N., Frank, M.,
Lehmann, W. D., Mertens, R., Krauth-Siegel, R. L., Simmet,
T., Granzin, J. and Efferth, T. 2013. Molecular interaction
of artemisinin with translationally controlled tumor protein
(TCTP) of Plasmodium falciparum. Biochem. Pharmacol. 85,
38-45.

Formichi, P., Radi, E., Battisti, C., Tarquini, E., Leonini, A.,
Di Stefano, A. and Federico, A. 2006. Human fibroblasts un-
dergo oxidative stress-induced apoptosis without inter-
nucleosomal DNA fragmentation. ]. Cell. Physiol. 208, 289-
297.

Gnanasekar, M. and Ramaswamy, K. 2007. Translationally
controlled tumor protein of Brugia malayi functions as an
antioxidant protein. Parasitol. Res. 101, 1533-1540.
Graidist, P., Yazawa, M., Tonganunt, M., Nakatomi, A., Lin,
C. C, Chang, ]J. Y., Phongdara, A. and Fujise, K. 2007.
Fortilin binds Ca** and blocks Ca*-dependent apoptosis in
vivo. Biochem. ]. 408, 181-191.

Hansen, B. H,, Altin, D., Rarvik, S. F., @verjordet, 1. B., Olsen,
A. J. and Nordtug, T. 2011. Comparative study on acute
effects of water accommodated fractions of an artificially

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Journal of Life Science 2020, Vol. 30. No. 11 937

weathered crude oil on Calanus finmarchicus and Calanus
glacialis (Crustacea: Copepoda). Sci. Total. Environ. 409, 704-
709.

Héader, D. P., Williamson, C. E., Wangberg, S. A., Rautio,
M., Rose, K. C,, Gao, K., Helbling, E. W., Sinha, R. P. and
Worrest, R. 2015. Effects of UV radiation on aquatic ecosys-
tems and interactions with other environmental factors.
Photochem. Photobiol. Sci. 14, 108-126.

Kim, I. C, Lee, C. E,, Cho, H. H,, Hong, S. G, Lee, J. S,
Lee, H. S. and Lee, H. K. 2008. Molecular cloning and ex-
pression of the mitochondrial 60-kDa heat shock protein
from an Arctic copepod Calanus glacialis. Genes and Genontics
30, 101-111.

Kwok, K. W. and Leung, K. M. 2005. Toxicity of antifouling
biocides to the intertidal harpacticoid copepod Tigriopus ja-
ponicus (Crustacea, Copepoda): effects of temperature and
salinity. Mar. Pollut. Bull. 51, 830-837.

Lauritano, C., Procaccini, G. and Ianora, A. 2012. Gene ex-
pression patterns and stress response in marine copepods.
Mar. Environ. Res. 76, 22-31.

Lee, Y. M,, Kim, I. C, Jung, S. O. and Lee, J. S. 2005. Analysis
of 686 expressed sequence tags (ESTs) from the intertidal
harpacticoid copepod Tigriopus japonicus (Crustacea, Cope-
poda). Mar. Pollut. Bull. 51, 757-768.

Lee, Y. M, Park, T. ], Jung, S. O,, Seo, J. S., Park, H. G,
Hagiwara, A., Yoon, Y. D. and Lee, J. S. 2006. Cloning and
characterization of glutathione S-transferase gene in the in-
tertidal copepod Tigriopus japonicus and its expression af-
ter exposure to endocrine-disrupting chemicals. Mar. Environ.
Res. 62, 5219-223.

Lucibello, M., Gambacurta, A., Zonfrillo, M., Pierimarchi,
P., Serafino, A., Rasi, G., Rubartelli, A. and Garaci, E. 2011.
TCTP is a critical survival factor that protects cancer cells
from oxidative stress-induced cell-death. Exp. Cell. Res. 317,
2479-2489.

Madronich, S., McKenzie, R. L., Bjorn, L. O. and Caldwell,
M. M. 1998. Changes in biologically active ultraviolet radia-
tion reaching the Earth’s surface. ]. Photochem. Photobiol. 46,
5-19.

Mak, C. H., Poon, M. W,, Lun, H. M., Kwok, P. Y. and Ko,
R. C. 2007. Heat-inducible translationally controlled tumor
protein of Trichinella pseudospiralis: cloning and regulation
of gene expression. Parasitol. Res. 100, 1105-1111.
Nagano-Ito, M., Banba, A. and Ichikawa, S. 2009. Functional
cloning of genes that suppress oxidative stress-induced cell
death: TCTP prevents hydrogen peroxide-induced cell
death. FEBS Lett. 583, 1363-1367.

Nico, M., Straalen, V. and Roelofs, D. 2012. An introduction
to ecological genomics. 2™ ed. Oxford University Press.
Obermiiller, B., Karsten, U. and Abele, D. 2005. Response
of oxidative stress parameters and sunscreening compounds
in Arctic amphipods during experimental exposure to max-
imal natural UVB radiation. J. Experiment. Mar. Bio. Eco. 323,
100-117.

Saito, A., Hayashi, T., Okuno, S., Nishi, T. and Chan, P.
H. 2006. Modulation of proline-rich akt substrate survival



938 BB UERIX| 2020, Vol. 30. No. 11

signaling pathways by oxidative stress in mouse brains after
transient focal cerebral ischemia. Stroke 37, 513-517.

Sun, ], Wu, Y, Wang, ], Ma, F,, Liu, X. and Li, Q. 2008.
Novel translationally controlled tumor protein homologue
in the buccal gland secretion of Lampetra japonica. Biochimie
90, 1760-1768.

Turschner, S. and Efferth, T. 2009. Drug resistance in Plasto-
dium: natural products in the fight against malaria. Mini-
Rev. Med. Chem. 9, 206-214.

32. Wang, Z,, Qiu, ], Guo, T,, B, Liu, A,, Wang, Y., Li, Y. and

30.

33.

31.

Zhang, J. Z. 2007. Anti-inflammatory properties and regu-
latory mechanism of a novel derivative of artemisinin in
experimental autoimmune encephalomyelitis. ]. Immunol.
179, 5958-5965.

Xu, H, He, Y., Yang, X, Liang, L., Zhan, Z., Ye, Y., Yang,
X., Lian, F. and Sun, L. 2007. Anti-malarial agent artesunate
inhibits TNF-alpha-induced production of proinflammatory
cytokines via inhibition of NF-kappaB and PI3 kinase/Akt
signal pathway in human rheumatoid arthritis fibroblast-
like synoviocytes. Rheumatology 46, 920-926.

P
Ju

A MEHOIM E. coli MIZE

2
247

1. _T’_&llo._:ﬂ .

N EELTES

s}

T

TCTP= T3 AP &N 5
° Az sty 71 ZeM T2 42
Y hydrogen peroxide (HxO;)°l <3
Lol skat. @4, SAY Ay Yese 7&“7&
AAE 7}?(]-1— 1jr 2 04—?0]]/\15

2 rOl'

>
39

AE Calanus

lm o}n
R
e
o&ﬂ

coldT - ZHe!

CAgd Y & Aeddta

Edze] Bha 4G Tojdt
Al ool AR BHNLE 25 A T

= Calanus glacialis TCTP (Translationally Controlled Tumor Protein)7}
o &M 0jXl= E1t

PEEEEDEEEREEE)

ZA)
o Ty

o shtolH, &, A= SAA 24 53 9
4l A gt vy, TCTP+ dithiothreitol (DTT)
T Fag 9dE £

3 4he ol
229 TCTP7} 4318 2~Eg 2 3t
£+ % 2H(ORF 522 bp) M ¥ &

glacza 5ol A]
ejd TCTP

BA354 1, oF 23 kDad] A %3 gz Xl # }91‘4 -‘Jr 7%-\% TCTP A =% @A o] E. coli AEANA &
HAS o, HEZES HO 93 =8 438 2E# 2o gk Aol Frtste AL S8 & 48
&3, 5= C. glacialis TCTP Sl o] 443} 2HAEA Y G gt 7548 S A5 o2 AAAT




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


