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Abstract The antifreeze protein gene (Cn-AFP) from the
Antarctic marine diatom, Chaetoceros neogracile was
cloned and characterized. The full-length Cn-AFP cDNA
contained an open reading frame of 849 bp and the deduced
282 amino acid peptide chain encodes a 29.2 kDa protein,
which includes a signal peptide of 30 amino acids at the N
terminus. Both the Cn-AFP coding region with and without
the signal sequence were cloned and expressed in Escher-
ichia coli. Recombinant Cn-AFPs were shown to display
antifreeze activities based on measuring the thermal
hysteresis and modified morphology of single ice crystals.
Recombinant mature Cn-AFP showed 16-fold higher
thermal hysteresis activity than that of pre-mature Cn-AFP
at the same concentration. The ice crystal shape changed to
an elongated hexagonal shape in the presence of the
recombinant mature Cn-AFP, while single ice crystal
showed a circular disk shape in absence of Cn-AFP.
Northern analysis demonstrated a dramatic accumulation
of Cn-AFP transcripts when the cells were subjected to
freezing stress. This rapid response to freeze stress, and the
antifreeze activity of recombinant Cn-AFPs, indicates that
Cn-AFP plays an important role in low temperature
adaptation.
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Introduction

The ocean is the largest biosphere on Earth in regards to
area and volume (Morgan-kiss et al. 2006). In addition,
90% of the ocean provides a cold ecosystem, where the
water is 5°C or colder (Thomas and Dieckmann 2002),
particularly the deep sea and polar regions.

A cold environment influences organisms in many ways,
including changes in membrane fluidity (White et al. 2000;
Nichols et al. 1993), nutrient availability, reduced biochem-
ical reaction rates (Wiebe et al. 1992; Karasova-Lipovova et
al. 2003), energy balancing between absorption and
utilization (Parker and Armbrust 2005), and the ability to
reproduce successfully (Margesin 2007). Cold-adaptive
organisms are able to thrive in these low-temperature
environments and have developed a variety of strategies
on the molecular level for successful survival (Morgan-Kiss
et al. 2006). Cold-adaptive animals, such as fish and
insects, use two main adaptive mechanisms to protect them
against low temperatures. The first mechanism involves the
high accumulation of low-molecular-weight cryoprotectants
that suppress the freezing and supercooling point (Storey
and Storey 1996), while the second entails the production
of an antifreeze protein (AFP) that inhibits the growth of ice
crystals and decreases the freezing point of body liquids
(Duman 2001; Duman et al. 2004; Davies et al. 2002).

Antifreeze proteins, which decrease the freezing point
noncolligatively, referred to as thermal hysteresis (TH)
activity, and inhibit ice recrystallization, have been found in
numerous freezing-tolerant organisms (Walker et al. 2006;
Wilson 1994; Gilbert et al. 2004; DeVries and Chang 1992;
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Duman and Olsen 1993; Duman 2001). The mechanism of
thermal hysteresis activity is presumed to bind to ice surfaces
and inhibit ice crystal growth via an adsorption—inhibition
mechanism (Raymond and DeVries 1977; Raymond et al.
1989; Knight et al. 1991; Dalal and Sonnichsen 2002;
DeVries 1986). Once bound to ice, the AFPs then lower the
local freezing point by forcing the ice to grow in curved
fronts between the bound AFP molecules (DeVries 1986;
Wilson et al. 2006).

Antifreeze proteins have already been applied in various
areas. For example, plants transformed with an AFP gene
exhibit resistance to freezing and cold weather damage
(Davies 1987; Cutler et al. 1989; Meyer et al. 1999).
Antifreeze proteins have also been used to help preserve
oocytes, red blood cells, and rat livers (Rubinsky et al.
1991; Carpenter and Hansen 1992; Lee et al. 1992), and
tested as a chemical adjuvant to facilitate the selective
destruction of cells in cryosurgery (Koushafar et al. 1997).
Furthermore, antifreeze proteins can be used for food
preservation and effective fermentation at low temperatures
(Margesin et al. 2007).

Recently, over-expression systems and biotechnological
applications of AFPs have been actively studied (Graham et
al. 1997; Muryoi et al. 2004; Raymond et al. 2007; Davies
1987; Cutler et al. 1989; Parody-Morreale et al. 1988;
Rubinsky et al. 1991; Carpenter and Hansen 1992; Lee et
al. 1992; Koushafar et al. 1997; Margesin et al. 2007,
Graham et al. 2007; Yue and Zhang 2009; Young and
Fletcher 2008; Solomon and Appels 1999; Huang and
Duman 2002; Graham et al. 2008; Garnham et al. 2008).
Most polar diatoms flourish in the open sea and at the sea
ice—water interface at temperatures ranging from —1.8 to 5°C
(Mock and Valentin 2004). As a psychrophilic diatom,
Chaetoceros neogracile is a major biomass producer that can
thrive in extreme environments, like polar oceans (Hwang et
al. 2008).

Accordingly, this study aims at understanding of psychro-
philic adaptation of polar diatom by analyzing biochemical
and biophysical properties of antifreeze protein from C.
neogracile. Hence, this study reports on the expression of
the C. neogracile AFPs in Escherichia coli and describes the
antifreeze activities of this recombinant AFPs demonstrating
thermal hysteresis and modification of the morphology of
single ice crystals in a solution. Possible applications of this
gene and its product were also proposed.

Materials and Methods
Diatom Growth Conditions

The Antarctic marine diatom, C. neogracile, which was
provided by the Korea Polar Research Institute and

obtained near Ice-cliff, Marian Cove, King George Island,
Antarctica, was axenically cultured at approximately 4°C
under 20 pmol photon m 2 s~ (24 h light) in a modified /2
medium (Jung et al. 2007). The illumination was provided
from the top using cool white fluorescent lights. The photon
flux density was measured using a quantum meter (Li-Cor,
Lincoln, NE), while the cell densities were determined
by microscopic counting using hematocytometer (Neu-
bauer, Marienfeld, Germany) and are presented as the
means £ SD. To employ freeze stress, the cultures were
incubated at —20°C for 20, 40, and 60 min, respectively.
The medium started to freeze after 20 min, half of the
medium became ice after 40 min passed, and after
60 min, the medium became like ice-sherbet. Then,
freeze-stressed cells were thawed in the 4°C for 30 min.
After the thawing, the cells were transported to the new
culture medium. The viability of the freeze-stressed cells
was then determined by measuring the cell concentration
after subsequent incubation at 4°C for 4 days by
microscopic counting using hematocytometer and the
cell concentration was presented as the means + SD. To
assay the antifreeze activity, each cell media was filtered
using Nitrocellulose filters with pore diameters of
0.22 wm (Millipore) and then concentrated using an
Amicon concentrator (Stirred Ultrafiltration Cell, Milli-
pore). The membrane molecular cutoff was 10,000 Da.

Sequencing and Phylogenetic Analysis

After compiling expressed sequence tag data for C.
neogracile and sequencing all the clones with an insert
size greater than 0.5 kb (Jung et al. 2007), a Genbank
search was conducted to find homologues from other
species. One positive clone was identified as the putative
C. neogracile AFP (Cn-AFP), which consisted of 994 bp
and contained an open reading frame of 849 bp. This
sequence was deposited in the GenBank database under
accession number FJ505233. The deduced amino acid
sequence of the Cn-AFP was aligned with those of AFPs
or ice-binding proteins (IBPs) from other psychrophilic
organisms, such as fungi, Antarctic soil bacteria, sea ice
diatoms, snow mold, and Antarctic plants, using the Clustal
W program. The sequences were obtained from the NCBI
database (Navicula glaciei, AAZ76251; Fragilariopsis
cylindrus, CN212299; Fragilariopsis curta, ACT99634;
Chlamydomonas sp., EU190445; Typhula ishkarioensis,
AB109748.1; Flammulina populicola, ACL27144; Lenti-
nula edodes, ACL27145; Leucosporidium antarcticum
ACX31168; Psychromona ingrahamii, ZP 01349469; Col-
wellia sp., DQ788793; Deschampsia Antarctica, FJ663038;
Lolium perenne, FJ663045 ). On the basis of the alignment a
phylogenetic tree was drawn using MEGA4 (www.mega
software.net) and neighbor-joining clustering algorithm. The
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bootstrap values obtained with 1,000 repetitions are indicat-
ed as percentages at all the branches.

Northern Blot Analysis

The total RNA was extracted from samples and cleaned
using a Plant RNeasy mini kit (Qiagen, USA). For a
Northern blot analysis, the total RNA (10 pg) was
denatured with 50% formamide and 6.3% formaldehyde,
and separated on a denaturing agarose. The RNA was then
blotted onto a nylon membrane (HybondTM-N+, Amer-
sham) using an alkaline transfer, UV-cross-linked for
10 min, and hybridized to a random primer radio-labeled
Cn-AFP cDNA probe for 24 h. The hybridization used the
formamide hybridization buffer (KPL, USA). After that, the
membrane was washed with 2x wash buffer (2X SSPE and
0.1% sodium dodecyl sulfate (SDS)) for 25 min, two times.
The hybridization with the ?P-radio-labeled probe and
washing of the gel blot were performed at 42°C. The
membrane was then exposed to an X-ray film in —=70°C for
16 h. Ethidium bromide (EtBr) staining of ribosomal RNA
is included as a loading control. The relative amounts of
Cn-AFP mRNA were estimated by densitometric scanning
of the autoradiograms.

Southern Blot Analysis

The genomic DNA was isolated according to the protocol
modified by Tanksley et al. (1995). The cells were
centrifuged, and the pellet re-suspended in 750 ul of a
microprep buffer and voltexed. The microprep buffer
consisted of a 2.5x extract buffer(0.35 M Sorbitol, 0.1 M
Tris/HCl pH 7.5, and 5 mM EDTA), 2.5% nuclei lysis
buffer (0.2 M Tris/HCI pH 7.5, 0.05 M EDTA, 2 M NacCl,
and 2% (w/v) CTAB), and 1% 5% N-Lauroylsarcosine. The
isolated and purified genomic DNA (10 pg) was then
digested with restriction enzymes (EcoRV, Ncol, and Sacl),
size-fractionated on a 0.7% agarose gel, and transferred to a
nylon membrane (HybondTM-N+, Amersham). The DNA
gel blotting was performed following standard protocols
(Sambrook and Russell 2001), and the Cn-AFP labeled **P-
dCTP used as a probe. The Southern hybridizations were
performed following the QuikHyb Hybridization protocols
(Stratagene, USA). The last wash for the blots after
hybridization was in 0.2x SSC containing 0.1% (v/v) SDS
at 65°C for 30 min.

Construction of C. neogracile AFP Expression Vector
and Over-expression of Cn-AFP in E. coli

To obtain a C. neogracile Cn-AFP coding region with or

without a signal peptide, the C. neogracile cDNA clone
was amplified using two primer sets; the first primer sets
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for Cn-AFP coding region with signal peptide: 5'-
CCGGAATTCATGAGTCTTATTACA-3" and 5'-
TGCCTCGAGTTAGTTTGGTGC-3', the second primer
sets for Cn-AFP coding region without signal peptide: 5'-
CCGGAATTCCTCCGTCAGGAGAAA-3" and 5'-
TGCCTCGAGTTAGTTTGGTGC-3'. EcoRI and Xhol site
were introduced at 5’ end and 3" end of Cn-AFP coding
region with signal peptide and without signal peptide,
respectively. Both amplified Cn-AFPs were purified. The
purified DNAs and the pProEX-HTa expression vector
(Intvitrogen, USA) were cut with EcoRI and Xhol. Digested
inserts and vector DNAs were purified respectively, and
were ligated overnight at 16°C using T4 DNA ligase. E.
coli BL21 (DE3) competent cells were made by CaCl, and
transformed by standard heat shock method (Sambrook and
Russell 2001). The transformed E. coli cells were grown in
an LB medium containing 50 pg/ml of ampicillin. At a cell
density (ODgoo) of 0.5, gene expression was induced by
adding IPTG to a final concentration of 1 mM. The
transformed cells were harvested after 4 h of incubation at
37°C, and then re-suspended in an ice-cold lysis buffer
(20 mM Tris, pH 7.9, 0.5 M NaCl) at 10 ml per g wet
weight. Thereafter, the cells were sonicated three times for
I min per burst using a sonicator (Branson, USA) at a
setting of 20%. The homogenate was centrifuged at
20,000xg at 4°C for 20 min for separation into the
supernatant and pellet fractions. The supernatant was
analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE).

Purification of Recombinant Cn-AFPs

To purify the expressed C. neogracile AFP protein, the
recombinant pre-mature and mature AFPs were both
purified by affinity chromatography using Ni-NTA agarose
(Qiagen, Germany). Briefly, the crude supernatant fractions
were loaded on a Ni-NTA agarose column. After washing
the column twice with a wash buffer (S0 mM NaH,PO,, pH
8.0, 20 mM imidazole, and 0.3 M NaCl; 4 ml), the
recombinant Cn-AFPs were eluted in six fractions
(0.5 ml) using an elution buffer (50 mM NaH,PO,, pH
8.0, 250 mM imidazole, and 0.2 M NaCl). The protein
concentrations in the samples were determined using a Bio-
Rad protein assay according to the manufacturer's instruc-
tions (Bio-Rad, USA). The samples were separated by
SDS-PAGE (12% polyacrylamide), as described by
Laemmli (1970).

Antifreeze Activity
The thermal hysteresis of the cultural filtrates of C.

neogracile and purified recombinant Cn-AFPs were mea-
sured using a nanoliter osmometer (Otago Nanoliter-
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osmometer, New Zealand). The recombinant Cn-AFPs were
concentrated to 1 mg/ml and then serially diluted. The
thermal hysteresis measurements were repeated at least
three times.

The antifreeze activity was further assayed by observ-
ing the morphology of ice crystals grown in the presence
and absence of Cn-AFP, as described and slightly
modified by Kobashigawa et al. (2005) and Bravo and
Griffith (2005). The protein samples (0.2—-0.4 pl) were
applied to the center of a temperature-controlled freezing
stage (Otago Nanoliter-osmometer, New Zealand) attached
to the stage of a conventional microscope (Zeiss Axiolab,
Zeiss), then frozen at —20°C for 5 min and warmed.
The warming was slowed to 5°C min ' to thaw the
sample until only a single ice crystal was present.
Thereafter, the temperature was lowered to a rate of
0.01°C min"' in order to observe the ice crystal growth.
Images of the ice crystals were captured under the
microscope using a CCD camera system including a video
recorder (Cannon Power Shot A620, Japan). In this assay,
ice crystals that are a circular disk shape when grown in
solution indicate the absence of antifreeze activity, while
hexagonally shaped ice crystals indicate the presence of
antifreeze activity.

Fig. 1 Nucleotide and amino 1
acid sequence of C. neogracile
AFP cDNA. The underlined

Statistics

Experiments were conducted at least three times, and the
results are presented by the mean = SD of the raw data. The
statistical significance of differences between average
values was determined with one-way variance analysis,
followed by Tukey’s HSD post hoc test. The level of
statistical significance was set at p<0.05. All statistical
analyses were performed using the SPSS 17.0 software
(SPSS, USA).

Results and Discussions
Isolation of C. neogracile AFP and Sequence Analysis

An EST database was previously established for C.
neogracile and all the clones sequenced (Jung et al.
2007). Thus, the identity of the C. neogracile AFP cDNA
clone was assigned by comparing the amino acid sequences
in various databases using the alignment search tool
(TBLASX) program through NCBI. The Cn-AFP cDNA
clone (994 bp) contained an open reading frame of 849 bp,
and the deduced 282 amino acid peptide chain encoded a

* * * *

AAA GCA CAA AAC ATG AGT CTT ATT ACA ATT AAT CAT ACC CIC 61
M S L 1 T 1 N H T L

TTC GCT GCA GTG GCA CTT CTA GGA GTA CCA ATG GCA GAG GGT 12

letters indicate the signal pep- vV V T A L L F A A V A L L 66 V P M A E G
tides, and star marks indicate 122 CIC CGT CAG GAG AAA CGT GGA GGT CTT AGG CGT CAG CTC GAT GAC GAA CCA CTA TCT GCT 181
the possible glycosylation site L R @ E K R 6 6 L R R Q@ L D D E P L S A
182 GIC AAG CTA CTC ACA GCA GGA AGG TTT GCC ATT ITG ACA AAA ACT GGT GIG ACG ACC ACC 241
V K L L T A 6 R F A | L T K T 6 V T 1 T
242 GGT CCA ACA GAT CTG AAA GGT GAT ATG GGC ACG AGT CCT ATC ACA GGC GCG GCC ATC ACG 301
G P T D L K G D M 6 T 8 P | T G A A | T
302 GGA TIT GGT TIG ATT ACG GAT CCC AGC GAT ACC ACT TIC TCC ACA TCC TCC CTT GTG ACA 361
¢ F 6 L 1 T Db P 8 D T T F & T § S L V T
362 GGA CAG GTA TIC GCA TCA GAC TAC ACA TCC CCC ACA CCC AAT ATG CTA ACT GTA GCA GIC 421
G @ VvV F A § D Y T s P T P N M L T V A V
422 CIC GAC ATIG CAG GCC GCA JAT GIT GAT GCT GCA GGC CGC CCT GAC CCC GAC JAC GIT GAG 481
L D M @ A A Y V D A A G R P D P D Y V E
482 CTT GGT GCT GGA AAC ATT GAG GGC CTC ACT CIT GAA CCT GGC CTA TAC AAG TGG GGG ACT 58
L 6 A 6 N | E 66 L T L E P 6 L Y K W 6 T
542 GAT GIC GGC IIC ACC AAC AGT CIC ACC ITC GAT GGT ICT GAC ACT GAT ATT IGG AIC IIG 601
D VvV 6 F T N 8 L T F D 6 § D T D 1 W I L
602 CAG ATC GAT GGG GAT GIC ACA GCA GGA AGC GGT GCA AAA GIC AAA CTC ATT AAC GAT GCC 661
@ | D 6 D V T A G S G A K V K L I N D A
662 AAG GCT GAG AAC ATC TIT TGG CAG ATT GCG GGC AAG ACT GAT CTA GGC ACC ACG TCC CAT 721
K A E N I F W @ | A 6 K T D L 6 T T S H
722 GIT GAG GGT GTG TIC CTC JGT AGC ACA GCA ATC ACT TTC AAA ACT GGA AGC AGC ATG AAT 781
vV E 6 V F L ¢ 8 T A | T F K T 6 S8 8 M N
782 GGI GCT GCA CIA GCA CAG ACA GCA GIC ACG TTG GAT JCC GCT ACG ATIC GIG AAG GAG TCC 841
6 A A L A @ T A V T L D S A T | V K E s
842 GIA TG6C GAT GTG GAT GIT GGG TGT GIG GCA CCA AAC TAA AGG TGT ACT GAA TGC GTA TTA 901
V ¢ D V D V 6 € V A P N *
802 CCT CTG AGT GCA GTT GAT GAG GAT GCT GAA TGA GGA TAT TTC ATT TTA AAA GTA GTG CTA 961
962 GGA GTA TAA AAG TAA TCT CTA CTA CTT ATC AAT 994

@ Springer



634

Mar Biotechnol (2010) 12:630-639

29.2 kDa protein (Fig. 1). A conventional N-terminal signal
peptide was found using the SignalP signal peptide
prediction tool to analyze the amino acid sequence (Nielsen
et al. 1997), which revealed that the Cn-AFP contained a
signal peptide of 30 amino acids at the N terminus. The
signal peptide of the Cn-AFP contained a single glycosyl-
ation site. Hence, the molecular mass of the mature Cn-AFP
was estimated as 26.2 kDa.

Diversity and Phylogenetic Analysis of C. neogracile AFP
with Other Psychrophilic Organisms

The Cn-AFP exhibited a significant homology with the
AFPs or IBPs from other psychrophilic organisms (Fig. 2).
IBPs were formerly called ice-active substances (IASs) due
to their strong interaction with ice (Raymond et al. 1994;
Raymond 2000), causing pitting and other deformities on
the surface of growing ice crystals. Later, IASs were
renamed as IBPs (Janech et al. 2006). The IBP from the
sea ice diatom, N. glaciei showed the highest identity
(57.2%) with the Cn-AFP, which also shared a 40.4%,
38.3%, 47.3%, 39.5%, and 41.1%, amino acid sequence
identity with the AFPs from F. cylindrus and F. curta (sea
ice diatoms), 7. ishikariensis (snow mold), Colwellia sp.

(Antarctic sea ice bacteria), and P. ingrahamii (psychro-
philic bacteria), respectively. However, Cn-AFP showed
11% 1identity to IBP from psychrophilic green alga,
Chlamydomonas sp., which is likely to have ice binding
domains found in insect or rye grass AFP (Raymond et al.
2009). A phylogenetic tree was estimated using the
sequence alignment shown in Fig. 2, and also included
higher plant sequences as out-group sequences. The
phylogenetic tree revealed that the Cn-AFP was evolution-
ally close to the AFP of the Antarctic sea ice diatom, N.
glaciei, and somewhat related to eukaryotic AFPs (other sea
ice diatoms and snow mold) and snow ice bacterial IBPs;
however, it was distinct from higher plant AFP or ice
recrystallization inhibition protein (IRIP; Fig. 3).

C. neogracile AFP Gene is Encoded by Gene Family
and Response to Freezing Stress

C. neogracile genome was examined using the full-length
Cn-AFP cDNA as a probe of a Southern blot under very
stringent hybridization and washing conditions (Fig. 4).
The genomic DNA from C. neogracile was digested using
EcoRYV, Ncol, and Sacl (enzymes that do not cleave within
the Cn-AFP gene), transferred to a nylon membrane, and

C. neogracile AFP ++ MSL) TI NHTLVVTALLFAAVALLGVPMAE:

N.glaciei[BP ~ ceeeeceecennans MWFLAKTVTLLVALVAS:

T.ishikariensiSAFP  cccccees FSASSLLAVIALAVSSVS s cererccevrnvnnnnnasll

P.ingrahamiiIBP ~ ceecece- NTLKNYSKKI SQs[1i SGLLVGN A

F. cylindrus IBP NNHFHQSKSQI YKSKMMNL NLF BSVAVMY: « e ccevernennnes M ke

F.populicofalBP ~ eceeccen MTFS- ILSIFVFOMI 58S+ ccvrcecccesncannnas A

Coiwelliasp.BP ~ ++eeeen- [EKTLI SNSKKVLI P[]I MGSI FAGN A

FourfalAFP  ceceecccccasccsscsans GMESVA: s cevecesanccnnacnns (32 1 I R T R R T T T

LedodesIBP ~ ceeeeees EFsTT- LI NTFSLGMAVVSVVAAPGGI SVGPI S| GPGGI SLGPGGI S GPGGI NLGPGGGPGAI NAGP ALY cee Yl

Lanfarchicum AFP~ cveveessoscneces MRONFHPMAAS: « ccveveeenrnnnsnsosnessnsssessossssossnossnsnsnsnne FIVR-cveceveonnanne A

Chiamydomonas sp. IBP - - - MPSSSTKLFAALLI ACMAQTSMAAI VVCKMDAQDGN: - - - - TLTATCSVGVSGaP! n:ovcsmuvosovsvuunnnsnr:c ED- ou.vu DSsayl a'n.nnc:nusuccsm g =
D.antarcticalRIP ~ ++oeeeee LKCGLLLLFSAF[TE A GGVGGVILRAAWIGDGCCDWEG: + -+« « vecloase 6
LperemneIRIP ~ ccceeeeee MEKSWFLLLFLAF S S- NGGVSLHAKWPDNJCCSWEG- - - - - - VGCJoEEse 62
C. neogracile AFP Ezﬂl EE E ms- LgFoZ - soplli W] 189
N. glaciei IBP ISFLSS- LVFD - SALIV 163
T. ishikariensis AFP 1S I LS- GTGT| TSSUUGASAD: Fifl Sl - TSI 163
P.ingrahamii BP  [JRICT- e eeonennn 0 v& NALDY) 165
F. cyfindrus IBP EEWEE: E: GOLYFSS - NALIVF(] 185
F. populicola IBP S1 JAD- LVL T - GRLITY(]l 162
Cowellasp. B [RIOTM -+ vvrveresees LLNCDE [0S sElNI STD- v MOV 164
F. curta IAFP P1 IYH5A TrorF UL NE| Q Y11 [JJRI {JosOVYFOEKNDPSSVE(] 168
L edodes IBP [daseTLl} e S VNSTGVYl A% - TPLIJHF(] 209
L anfarcticum AFP DL/ ceecenerccencece A eoese QUIDVVARS e v cvevee Al TLGALAEI TONVG- - LS[F cvevvcccnnccans VEDMGTFCSAG- VKYC!S - - - AlISLS 111
Chiamydomonas sp. IBP STAQPECTI SKYGPCMA TFLISTI CASI SIITSGRVEGAFAFE TSTACDFGGAI HSANASLJLTDS- TFHGTLA 236
D. antarctica IRIP RVYTLALPTR BRI PGASLAGLY c e e v eeee it et e et s i ea e HVKGNRRTLAEQPNRI S| INNSV 118
L perenne IRIP RVYTLW PEHGIAGHI vusueuuEsl.uunuchnﬂsn -+ GVLDHLCYLDLSNJSLVEEI PKNL- <<+« -« Q1 RLRCLNI VGRSLEMAs TNMTlQVKHNQI AL SGQP NI ra -« UNNYV 183
C. neogracile AFP LJocoVTAGSGA Q] --Bonw.’r’r'rsm < VF 773
N. glaciei [BP LIVAKOF | vGNGAQMY BT Y -+ SGATNI [STTA B ] %2
T.ishikariensis AP~ FLlJocTov! -0 | EVGAKF(d - - TI £©
P. ingrahamii IBP L&GTE 15real 1" 258
F. cylindrus IBP 1 ITSKNVKaIeS TS| EYVVAAGS| vi 20
. populicola IBP :ﬂ:sr . PBoslirvaarsseas - -1t u7
Colwelliasp. IBP NQINAKR A vuL'Pnusr ey 253
F. curta IAFP 1 KTSKNI LafaNTOI .. IEAGA sl 258
L edodes IBP FElleatficr -« Tsvijrazacs( s - - | . 288
L antarcticum AFP TSATSL xc- -+ [JTOf[VAAWKSAFS- - - - - - . QELSPADY|{KROFA'G- - L§SDLTLAPG m
Chiamydomonas sp. IBP VDGGAVEFVGTNATJAPI QQLSVKSSTFTS. - - STAJTTEGM EVAR: - - GAVSI DDSTFTNEDAKI K. VWLOKCESYTEDKINNTTGCAKPESPRI SWCKAHDCNKWT TCGMEGPRECY 3853
D. antarctica IRIP RFGRNNALAGNDNT| |scnun'rvsesﬁnrﬂvwsnmnknnvvs KHI vrnnunxvsonnnnvsirnrvsasn@sssn SGSNHVVSGSNKVVTGG 22
L perenne IRIP RSGVNNVVSGNHNT(JTSGNNNVVSG- « -« - -+ NHNTVSSTNHVVT(SNNHVVTRNQNTVS GSHHKVSSGHNTVS GSHN{VS GS HNLIVS GSNHI VHGNNKVVTGG 219

Fig. 2 Multiple amino acid sequence alignments of Cn-AFP with
other AFPs, IAFP, IRIP, and IBPs from different organisms. The
multiple alignments were performed using Clustal W, and black
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squares indicate consensus regions. IAFP ice antifreeze protein, /RIP

ice recrystallization inhibition protein
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65 F. populicola 1BP

L. edodes |BP
F. cylindrus 1BP
F. curta |\AFP
Colwellia sp. |BP
P. ingrahaii 1BP

:" il AFPl

L N. glaciei 1BP

0

98

Chlamyd sp. IBP
L. icum AFP
20 — D. antarctica IRIP

100 L———— L. perenne IRIP

02

Fig. 3 Phylogenetic tree of selected psychrophilic AFPs, IAFP, IRIP,
or IBP amino acid sequences. The sequences were obtained from the
NCBI database, and aligned using the Clustal W alignment program.
Neighbor-joining tree of amino acid sequences representing AFP from
C. neogracile. IAFP ice antifreeze protein, /RIP ice recrystallization
inhibition protein

probed with the full-length Cn-4AFP ¢cDNA. More than two
hybridizing fragments are detected by probing of a
Southern blot of C. neogracile genomic DNA with Cn-
AFP, indicating that there is a small family of Cn-AFP
genes in the C. neogracile genome.

Previous studies had shown that the IBP gene belongs to
a multi-gene family in N. glaciei, with at least five IBP
genes in N. glaciei (Genbank accession no. AAZ76251,
AAZT76252, AAZT76250, AAZT76253, AAZT76249; Janech et
al. 2006). Recently, several isoforms of IBP from Antarctic
intertidal Chlamydomonas strain displaying the inhibition
of recrystallization of ice were also reported (Raymond et
al. 2009). In animals, AFPs are commonly present in
multiple isoforms. For example, the AFP has 13 isoforms in
the beetle Dendroides canadensis (Andorfer and Duman
2000), 30-50 copies in winter flounder (Scott et al. 1985;
Gourlie et al. 1984), and 80 copies in wolffish (Scott et al.
1988). When extensive sequencing has been done at the
protein, cDNA, and/or genomic levels in fish or insects,
there is evidence of multiple isoforms, many of which only
differ by a few conservative amino acid replacements
(Graham et al. 2007). In the present study, the result of a
Southern blot implied the existence of either more than two
copies of the AFP gene or other AFP like genes in the C.
neogracile genome. However, only single Cn-AFP gene
was isolated and studied further in this study.

A Northern blot analysis was performed to investigate
the modulation of steady-state levels of the Cn-4FP mRNA
in response to different freezing stresses (Fig. 5). The
freezing stress was set at —20°C for 20, 40, and 60 min,
respectively, and the stress condition determined according
to the status of the medium. The medium started to freeze
after 20 min, was half frozen after 40 min, and became like
an ice-sherbet after 60 min. Cn-AFP cDNA was used as

probe in Northern blot analyses of C. neogracile treated
under different freezing conditions. The gene expression
from the Northern blot is normalized to total RNA as
determined from the EtBr-stained gel. The Cn-AFP tran-
script increased 1.5-fold after 20 min of freezing stress, was
enhanced and peaked after 40 min of freezing stress, and
then declined thereafter (Fig. 5b). The reduction in the
amount of the Cn-AFP transcript after 60 min of freezing
stress was explained by the results of the cell re-growth
after thawing (Fig. 5c). The cells that survived from the
freezing stress were re-suspended under normal growth
conditions and counted. However, after 60 min of freezing
stress, the level of Cn-AFP transcripts started to decline,
which was due to a 40% reduction in cell growth when the
cells subjected to freezing stress for 60 min were thawed. In
contrast, the control cell and cells subjected to freezing
stress for 20 min grew well after thawing, whereas the cells
frozen at —20°C for 40 min exhibit no growth. Thus, the
experimental conditions, probably prolonged freezing stress
with osmotic imbalance, resulted in a reduction of re-
growth by the cells (Fig. 5c) that had been frozen for
60 min and then thawed.

Expression of Recombinant C. neogracile AFP in E. coli

The over-expression of AFPs have been actively studied in
relation to many organisms (Graham et al. 1997; Raymond
et al. 2007; Davies 1987; Cutler et al. 1989; Parody-
Morreale et al. 1988; Rubinsky et al. 1991; Carpenter and
Hansen 1992; Lee et al. 1992; Koushafar et al. 1997,
Margesin et al. 2007; Graham et al. 2007; Yue and Zhang
2009), except for the case of diatom. To demonstrate that
the Cn-AFP encodes a protein with antifreeze activity,
recombinant Cn-AFPs were produced using an E. coli

Fig. 4 Southern blot analysis.
The purified cell nuclear DNA
was digested with EcoRV, Ncol,
and Sacl, fractionated on a 0.7%
agarose gel (10 pg per lane), and
stained with ethidium bromide.
The DNA fragments were
transferred to a nylon membrane
and hybridized with the Cn-AFP
full-length ¢cDNA. The sizes of
the DNA markers are shown to
the left of the panel in kilobase.
E EcoRV, N Ncol, § Sacl.
Numbers at right indicate esti-
mated lengths of the fragments
in kilobases
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Fig. 5 Northern blot analysis of C. neogracile AFP under various
freezing stresses. The Cn-AFP gene expression increased under freezing
stress. a Autoradiogram of Northern blots and ethidium-bromide-stained
gel (to serve as a loading control). b Quantitation of Cn-AFP mRNA
based on (a). Quantified and normalized mRNA levels are shown
relative to the control for each experiment. Lanes show the accumula-
tion of the mRNAs of the Cn-AFP when the cells were frozen at —20°C
for zero minutes (control), 20, 40, and 60 min, respectively. Values are
mean + SD (n=9). **p<0.01 compared to control. C re-growth curves
of cells at 4°C, when the cells were thawed after each freeze stress for
zero minutes (control), 20, 40, and 60 min at —20°C, respectively.
Values are mean + SD (n=12). **p<0.01 compared to control

expression system. In general, the AFPs from certain
organisms, including Antarctic fish and the plant Solanum
dulcamara, are known to be heavily glycosylated (Davies
and Hew 1990; Duman 1994; Huang and Duman 2002).

@ Springer

This characteristic of AFPs hinders expression in E. coli, as
post-translational modification is unusual in a bacterial
host. However, the Cn-AFP only contains a single putative
glycosylation site, which is also located in the signal
peptide region (Fig. 1).

In this research, the expressed Cn-AFP containing a
signal peptide named as pre-mature Cn-AFP was also
subjected to investigate AFP activity. Therefore, a Cn-AFP
over-expression vector was constructed by combining the
pre-mature Cn-AFP and mature Cn-AFP (mature Cn-AFP:
amino acid from 31 to 282) with a protein expression
vector, and then transforming the constructed vector into E.
coli. As a result, both recombinant pre-mature and mature
Cn-AFP was created (Fig. 6) and their AFP activity
compared (Table 1 and Fig. 7).

The majority of the protein was accumulated in the
soluble fraction of the whole-cell extract after induction by
IPTG. Plus, SDS-PAGE revealed recombinant protein
bands with a molecular mass of approximately 33 and
31 kDa for the pre-mature recombinant and mature Cn-
AFP, respectively (Fig. 6a, lanes 2 and 3 from crude extract
of E. coli, lanes 4 and 5 from affinity purified protein). The
molecular mass of the expected native Cn-AFP was
29.2 kDa for the pre-mature and 26.2 kDa for mature, but
the recombinant Cn-AFPs were larger than the native Cn-
AFPs, due to the 6 His and spacer amino acid sequences
translated from the pProEX vector.

Antifreeze Activity
To assay the antifreeze activity of the recombinant Cn-
AFPs, the TH activity, and changes in the morphology of

ice crystals were examined using a nanoliter osmometer. To
reveal the recombinant Cn-AFP activity, the TH activity

37kDa P>

25kDa 9
20kDa

Fig. 6 SDS-PAGE analysis of recombinant C. neogracile AFPs.
SDS-PAGE analysis M protein marker, / un-induced cell lysates, 2
IPTG-induced total cell crude extract including recombinant of pre-
mature Cn-AFP, 3 IPTG-induced total cell crude extract including
recombinant of mature Cn-AFP, 4 affinity purified recombinant pre-
mature Cn-AFP, 5 affinity purified recombinant mature Cn-AFP
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Table 1 Thermal hysteresis activity of recombinant Cn-AFP, with and
without signal peptide

Proteins Protein (mg/ml) TH values (°C)
BSA 0.25 0+0.01
0.5 0+0.01
1 0+0.01
0.25 0.03+£0.02
Recombinant pre-mature Cn-AFP 0.5 0.03+0.01
1 0.05+0.01
0.25 0.12£0.02
Recombinant mature Cn-AFP 0.5 0.20+0.01
1 0.80+0.03

Data are mean values of three replications

was measured, as represented by the difference between the
melting point and freezing point, where a higher difference
means a higher antifreeze activity. Thermal hysteresis is
known to be the only method of providing a quantitative
measurement of the antifreeze activity (Yang et al. 1998).
The TH values were measured for the recombinant pre-
mature and mature Cn-AFP of C. neogracile (Table 1). The
recombinant mature Cn-AFP exhibited the highest TH
value of 0.8°C, which was 16-fold higher than that of the
recombinant pre-mature Cn-AFP at a concentration of
1 mg/ml. Bovine serum albumin was used as the negative
control, as it does not show any TH activity.

The magnitude of thermal hysteresis, which depends on
the specific activity of the AFP and its concentration, can
range from 0.7 to 1.5°C in fishes and from 3 to 6°C in
insects (Davies and Hew 1990; Duman 2001; Huang and
Duman 2002). In the present study, the TH value of the
recombinant mature Cn-AFP was 0.8°C when the concen-
tration Cn-AFP was 1 mg/ml, while the typical fish TH
value was approximately 1°C with a 10 mg/ml concentra-

tion (Garnham et al. 2008). In addition when the concen-
tration of the recombinant Cn-AFP was increased, the TH
activity also increased (Table 1). The antifreeze activity was
further assayed by observing the morphology of ice crystals
grown in the presence and absence of the Cn-AFP (Fig. 7).
The single ice crystals grown in dilute solutions of the
recombinant mature Cn-AFP in water showed an elongated
hexagonal crystal form (Fig. 7b), probably due to the
specific binding of the protein to the hexagonal faces,
thereby inhibiting the deposition of water on those surfaces.
In contrast, single ice crystals grown in water only or
bovine serum albumin in water form flat circular disks
(Fig. 7a) as seen in previous studies (Raymond et al. 1989;
Bravo and Griffith 2005). Parallel experiments conducted
with the vector-control culture induced by IPTG showed
circular disk shape indicating absence of antifreeze activity
(data not shown). The recombinant pre-mature Cn-AFP
also formed irregular-shaped ice crystals (Fig. 7¢), likely
indicating an irregular manner of binding to the surfaces of
the ice crystals. The lower TH activity of the recombinant
pre-mature Cn-AFP (Table 1) also coincided with the
weaker modification of the ice crystal morphology. The
lower antifreeze activity of the recombinant pre-mature Cn-
AFP relative to the mature Cn-AFP was probably due to the
presence of the signal peptide protein that led to improper
folding. It has been suggested that TH activity likely
involves binding to the ice surfaces and inhibiting ice
crystal growth via an adsorption-inhibition mechanism
(Raymond and De-Vries 1977; Raymond et al. 1989;
Knight et al. 1991; Huang and Duman 2002). The ability
of antifreeze proteins to bind to ice causes a characteristic
modification of the crystal morphology, resulting in
elongated hexagonal forms (Bravo and Griffith 2005).

The examination of cells under freezing stress demon-
strated a clear induction of Cn-AFP expression (Fig. 5) and
the product of this gene exert antifreeze activity (Fig. 7).
These properties may provide broad opportunities in

Fig. 7 Morphological changes of ice crystals in presence or absence of recombinant Cn-AFPs. a BSA(0.5 mg/ml), b recombinant mature Cn-AFP
(0.5 mg/ml), ¢ recombinant pre-mature Cn-AFP (0.5 mg/ml), scale bar 100 pm

@ Springer



638

Mar Biotechnol (2010) 12:630-639

cryopreservation. Cryopreservation has numerous applied
uses, and various biotechnological applications are being
developed from studies of cold-hardy organisms (Benson et
al. 2004; Margesin 2007). Uses of cryopreservation in animal
biology include the preservation of gametes for medical use,
cell or tissue banking for transplantation, and the preservation
of stocks of genetically diverse material for endangered
species management (Wildt 2000), and laboratory experi-
mentation (Buchholz et al. 2004). However, a new approach
to cryopreservation is now the possible use of transgenics to
transfer selected genes from hardy to non-hardy species to
improve cold hardiness or freeze tolerance (Margesin et al.
2007). The expressions of AFPs could be applied to protect
commercially important crop plants against cold temper-
atures. It has been reported that expressions of carrot AFP
gene in Arabidopsis thaliana (Meyer et al. 1999) and
Nicotiana tabacum (Worrall et al. 1998) and an insect AFP
in A. thaliana (Huang et al. 2002) result in an accumulation
of antifreeze activity (Atici and Nalbantoglu 2003).

In summary, this study investigated the expression and
biochemical characterization of recombinant Cn-AFP
shown to exhibit typical antifreeze activities measuring
TH activity and single ice crystal morphological change.
Rapid induction of Cn-AFP gene under freeze stress
indicates Cn-AFP could be a key protein that plays an
important role in the psychrophilic adaptation of the polar
diatom, C. neogracile. Therefore, further exploration of this
polar diatom AFP in regards to regulating its ice controlling
mechanism and biotechnological research in cryopreserva-
tion using this diatom AFP are currently in progress.
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