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Wheat-bran (Triticum aestivum L.) antifreeze protein (TaAFP) was purified 323-fold to electrophoretic
homogeneity with an overall yield of 1.64% from wheat-bran protein by a specific three-step procedure.
The three-step procedure was quicker, cheaper, and more effective than the five-step procedure we
used earlier. First, TaAFP was concentrated by a phosphate buffer, on the basis of its strong
hydrophilicity that was validated by thermal gravimetric analyses and a surface hydrophobicity analysis.
Second, TaAFP was trapped in ice crystals for its specific ice-binding capacity, which was proved by
ice-binding protocols. Remarkably, the ice-binding step was the most effective step, and the purification
factor of this step was up to 270-fold. Finally, TaAFP was purified by HPLC purification, a
complementary step for the specific ice-binding protocol, to electrophoretic homogeneity. Our protocols
provide peers a novel and effective way for the search and purification of potential AFPs.
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INTRODUCTION

Antifreeze protein (AFP) is a kind of protein that decreases
the freezing point noncolligatively, referred to as thermal
hysteresis activity (THA), and retards recrystallization strongly
(2). AFPs found in various organisms, including polar fish, cold-
adapted insects, cold-induced plants, polar bacteria, and so forth,
have remarkably diverse structures (2, 3). However, these AFPs
share strong hydrophilic and ice-binding capacities (4, 5) on
the basis of their specific affinity to ice (6). Once bound to ice,
AFPs lower the local freezing point in a noncolligative manner,
by forcing ice to grow in curved fronts between the bound AFP
molecules (7). The additional local curvature of the ice front
makes further ice growth thermodynamically unfavorable, and
thus ice is stabilized in its supercooling condition. However, if
the temperature is further lowered, the threshold is reached
where the energetic barrier no longer prevents ice growth over
AFPs, and AFPs are trapped in ice (8, 9). On the other hand,
the ice-binding of AFPs on a single ice crystal has previously
been used to determine the different ice-binding planes of these
diverse AFPs (10). In our study, the goal is to recover and trap
AFP in ice, instead of it being used as an indicator of the ice-
binding plane. Therefore, we use a random, multicrystalline ice
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nucleation with a temperature gradient condition to trap AFP
in the entire ice surface and exclude non-AFP and solutes.

In our previous study, a novel wheat-bran (Triticum aestizum
L.) AFP (TaAFP) was purified 357-fold to electrophoretic
homogeneity with an overall yield of 1.60% from wheat-bran
protein by five successive and traditional steps (11). In order to
simplify the procedure, we attempted to purify TaAFP by
trapping it in ice on the basis of its specific ice-binding capacity.
Moreover, the hydrophilic and ice-binding capacities of TaAFP
were measured to ensure the feasibility, because TaAFP was a
new AFP and its properties were not known yet. On the other
hand, our protocol gave peers a novel and effective way to
search for new AFPs or purify AFPs.

MATERIALS AND METHODS

Preparation of Carrot (Daucus carota) AFP and TaAFP. Carrot
(Daucus carota) AFP (DcAFP) and TaAFP were prepared by the
methods described earlier (5, 11, 12). The protein content was assayed
by a Modified Lowry Protein Assay kit (Pierce Biotechnology Inc.,
Rockford, IL) following the instructions of the manufacturer. Bovine
serum albumin (BSA) was used as a standard protein.

Determination of Hydrophilicity by Thermal Gravimetric Analy-
sisMethod. The hydrophilicity of the samples was assayed by a thermal
gravimetric analysis (TGA) method, which reflected the hydrophilic
affinity of the samples. Aliquots of 20 uL of the sample, including
BSA, DcAFP, or TaAFP solutions with 10% (w/v) protein content,
were heated from 30 to 400 °C at rate of 15 °C/min and with a nitrogen
flow of 40 mL/min in 70 uL ceramic pans (TGA/SDTA 851°, Mettler-
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Figure 1. General ice-binding protocol. (A—C) Formation of the nuleator from —1 to —4 °C over 2 h; (C) nuleator; (D-F) ice-binding procedure, magnetic
stirring slowly in the beaker from —4 to —6 °C for 7 h; (G) melting of the ice fraction at 2 °C. The lower bar shows both the time and temperature of

the protocol.
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Figure 2. TGA and SDTA profiles of the control, BSA, DcAFP, and TaAFP
solutions. Samples are heated from 30 to 400 °C at rate of 15 °C/min
and with a nitrogen flow of 40 mL/min. TGA profiles show the weight loss
during heating. SDTA profiles give the temperature difference between
the cell and sample.

Toledo, Switzerland) (13, 14). Double-distilled water was used as the
control. The TGA profile shows the weight loss during heating. A
synchronal differential temperature analysis (SDTA) profile gives the
temperature difference between the cell and sample.

Determination of Surface Hydrophobicity by 1-Anilino-8-naph-
talene-sulfonate Assay. The surface hydrophobicity of the samples
was measured according to the methods described earlier (15, 16) using
fluorescent probe 1-anilino-8-naphtalene-sulfonate (ANS), reflecting the
surface hydrophilicity of samples. The sample was dissolved in a 10
mM phosphate buffer solution (PBS; pH 8.0) with a protein content of
1 mg/mL. An aliquot of 40 4L of 8.0 mM ANS was added to a 2 mL
sample. Fluorescence intensity was measured with a fluorescence
spectrometer (Perkin-Elmer 2000, Boston, MA) at an excitation
wavelength of 375 nm. Emission spectra were scanned from 410 to
560 nm.

Distribution Factor (0) Determined by Ice-Binding Protocols.
The distribution factor (0) shows the distribution of the sample in an
ice fraction or in a liquid fraction during the formation of an ice-water
mixture, reflecting the ice-binding capacity of sample. The delta was
measured as described in the earlier method (8) with a few modifications
by our protocol (Figure 1). The nucleator was formed in a tube with
10 mL of double-distilled water over 2 h at a temperature between —1
and —4 °C. Specifically, a stainless stick (® 6 x 250 mm) was
immersed in a 25 mL centrifuge tube with 10 mL of double-distilled
water frozen between —1 and —4 °C for 2 h. When frozen, the
centrifuge tube was immersed in water for about 30 s at room
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Figure 3. Fluorescence intensity profiles of BSA, DcAFP, and TaAFP
solutions. Fluorescence intensity is measured with a fluorescence
spectrometer at an excitation wavelength of 375 nm and an emission
wavelength from 410 to 560 nm.

temperature. Then, the nucleator could be taken out freely. Meanwhile,
aliquots of 100 mg of the sample, including BSA, DcAFP, or TaAFP,
were dissolved in 90 mL of 10 mM PBS (pH 8.0) followed by
centrifugation at 3000g at 4 °C for 20 min. The supernatant was stirred
at —4 °C slowly in a beaker. When the supernatant reached —4 °C,
the nucleator was immersed in the breaker and was continually stirred
slowly at a temperature gradient from —4 to —6 °C for 7 h. When the
ice was about 40% of the volume of the original solution, the nucleator
was removed from the beaker. The remaining unfrozen solution was
denoted as a liquid fraction and the frozen ice as an ice fraction. After
the removal of the nucleator from the liquid fraction, the nucleator
was washed with about 10-20 mL of prechilled double-distilled water
(< 0 °C) to remove any remaining liquid to the liquid fraction. The
ice fraction and liquid fraction were lyophilized. The delta is the ratio
of the protein weight of the ice fraction to the sum protein weight of
the ice fraction and the liquid fraction, as shown in formula 1.

T |
= 0,
o | % 100% (1)

where 6 is the distribution factor, m, is the protein weight of the
ice fraction (mg), and my is the protein weight of the liquid fraction
(mg).

Purification of TaAFP on the Basis of its Hydrophilicity and | ce-
Binding Capacities. A three-step procedure was done to purify TaAFP
from wheat-bran (Triticum aestivum L.) protein. Aliquots of 100 g of
wheat bran were stirred in 400 mL of 10 mM PBS (pH 8.0) for 4 h at
room temperature followed by centrifugation at 3000g and 4 °C for 20
min. The supernatant was subjected to prechilled conditions at —4 °C
and was bound to the nucleator as described in the protocol above,
denoted as round 1. The thawed ice fraction from round 1 was subjected
to prechilled conditions at —4 °C and was bound to the nucleator again,
denoted as round 2. Then, both the ice fraction and liquid fraction were
lyophilized. The ice fraction, after round 2, was lyophilized and
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Table 1. Distribution Factor () of BSA, DcAFP, and TaAFP Solutions®

Zhang et al.

sample process ice fraction (mg) liquid fraction (mg) total protein (mg) distribution factor ()
BSA round 1 9.8+0.2° 10 £0.2% 2.0 £0.2%°
round 2 - 9.4 +0.1° 9.8+0.2° 4.140.2%°
DcAFP round 1 9.3+0.1° - 10 +£0.12 93.0 &+ 0.1%°
round 2 8.6+0.1° 9.3+0.2° 92.5 4 0.3%°
TaAFP round 1 9.4 +0.2° 10+£0.32 94.0 & 0.3%°
round 2 8.740.1° 9.440.1° 92.6 + 0.2%°

@A dash (-) means not assayed. ° Data are means =+ standard deviation (n = 3). °Data in the same column with different letters as superscripts are significantly

different (P < 0.05).
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Figure 4. SDS-PAGE gel of a three-step procedure. Lane 1 is the low-
molecular-weight marker including rabbit phosphorglase B (97.4 kDa),
bovine serum albumin (66.2 kDa), rabbit actin (43.0 kDa), bovine carbonic
anhydrase (31.0 kDa), trypsin inhibitor (20.1 kDa), and hen egg white
lysozyme (14.4 kDa). Lane 2 is the crude extraction fraction. Lane 3 is
the ice fraction after ice-binding protocols round 1. Lane 4 is the ice fraction
after ice-binding protocols round 2. Lane 5 is the final TaAFP after the
three-step procedure. Lane 6 is the TaAFP purified by a traditional five-
step procedure (71).

subjected to high-performance liquid chromatography (HPLC) purifica-
tion. The lyophilized sample was redissolved in 10 mM PBS (pH 8.0)
with a protein content of 1 mg/mL. An aliquot of 5 uL of the sample
was subjected to a Shodex PROTEIN KW-804 column (0.80 x 30
cm, Shodex, Showa Denko KK, Tokyo, Japan) at rate of 1.0 mL/min
and eluted with a linear NaCl gradient (0-0.3 M) in 10 mM PBS (pH
8.0) for 30 min, with monitoring at 220 nm.

Electrophoresis. Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) was done according to the system of Laemmli
(17) with a few modifications (18). The sample was mixed at a 1:1
(v/v) ratio with the SDS-PAGE sample buffer (0.125 M Tris-HCI, pH
6.8, 10% SDS, 20% glycerol, 10% /3-mercaptoethanol) and was boiled
for 5 min. An aliquot of 10 uL of the sample was loaded into the gel
made of 4% stacking and 12.5% separating gels and subjected to
electrophoresis at a constant current of 15 mA per gel using a Mini-
Protean 111 Cell apparatus (Bio-Rad Laboratories, Mississauga, ON).
After electrophoresis, gels were stained with 0.1% Coomassie-Brilliant-
Blue R-250 in 50% methanol and 7% acetic acid and destained with
7% acetic acid. The molecular weight of the sample’s subunits was
estimated by measuring their relative mobility in the SDS-PAGE gel,
comparing with those of low-molecular-weight markers (Amersham
Pharmacia Biotech): rabbit phosphorglase B (97.4 kDa), bovine serum
albumin (66.2 kDa), rabbit actin (43.0 kDa), bovine carbonic anhydrase
(31.0 kDa), trypsin inhibitor (20.1 kDa), and hen egg white lysozyme
(14.4 kDa).

Determination of THA by the Differential Scanning Calorimeter
Method. THA was measured by the differential scanning calorimeter
(DSC) method reported earlier (18, 19). An aliquot of 10 uL of the
sample was sealed in a preweighed aluminum pan and cooled from
room temperature to —30 °C at rate of 3 °C/min and held for 15 min,
followed by heating to 20 °C at a rate of 3 °C/min (Diamond DSC-7,

Perkin Elmer Pyris, Boston, MA). The melting point (Tr) was calculated
by Pyris Software for Windows, version 3.80. Then, the sample was
cooled from +20 °C to —30 °C at rate of —3 °C/min, held for 15 min,
and then heated to the holding temperature (Ty) when the system was
at phase-equilibrium with the solid (ice crystal) and liquid (aqueous
solution). After holding at T, for 2 min, the sample was cooled from
Th to —30 °C at rate of =3 °C/min. The onset temperature (To) was
recorded by Pyris Software for Windows, version 3.80. The process
was repeated at different Tn. THA was calculated using formula 2. The
calorimeter was temperature- and heat-calibrated with indium as a
standard.

THA=T,—T, (2)

where Ty is the holding temperature and Ty is the onset temperature
when the exothermic process begins.

Statistical Analysis. All data were expressed as the mean value +
standard deviation (n = 3). All statistical analyses were done with the
Super ANOVA software (version 1.11, Abacus Concepts Inc., Berkeley,
CA). One-way ANOVA and multiple comparisons (Fisher’s least-
significant difference test) were used to evaluate the significant
differences of data at a criterion of P < 0.05.

RESULTS AND DISCUSSIONS

Strong Hydrophilicity and Weak Surface Hydrophobicity
of TaAFP. To prove its strong hydrophilicity, the hydrophilicity
and surface hydrophobicity of TaAFP were evaluated. The
hydrophilicity of TaAFP is evaluated by TGA and SDTA
profiles (Figure 2). In TGA and SDTA profiles, the water of
the sample will need a longer time to evaporate when the sample
has strong hydrophilicity (4). Therefore, the sample that needs
a longer time to lose its water has the stronger hydrophilicity
(4). Specifically, the 90%-weight-loss temperature was moni-
tored, because BSA, DcAFP, and TaAFP solutions all had 90%
water. The hydrophilicity of the sample increased with the
raising of the 90%-weight-loss temperature (4, 5). The 90%-
weight-loss temperatures were 148, 168, 178, and 180 °C of
the control, BSA, DcAFP, and TaAFP solutions, respectively.
Moreover, DCAFP and TaAFP solutions showed higher 90%-
weight-loss temperature than those of the control and BSA
solution. Therefore, the hydrophilicity of the DCAFP and TaAFP
solutions was stronger than that of the BSA solution. Further-
more, similar results were observed in SDTA profiles. The water
evaporation of the control, BSA, DCAFP, and TaAFP solutions
stopped at about 195, 206, 218, and 221 °C, respectively. The
water of the DCAFP and TaAFP solutions needed a longer time
to escape from the protein than those of the control and BSA
solution. The water of the DCAFP solution took more time to
evaporate, as a result of its strong hydrophilicity, which had
been proved in our previous study (18). On the other hand, Deng
et al. pointed out that all AFPs have strong hydrophilicity (20, 21).
Remarkably, the TaAFP solution required a similar time to
evaporate 90% of its weight as that of the DCAFP solution,
consistent with the results reported by Deng et al. (20, 21).
Moreover, TaAFP was a glycine-rich protein (11) that showed
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Table 2. Summary of TaAFP Purification from Wheat Bran

J. Agric. Food Chem., Vol. 55, No. 19, 2007 7657

step protein (mg) THA (°C) specific THA (°C/mg protein x 1077) yield (%) purification factor
crude extract 5963 0.0032 5.37 100 1
ice-binding protocol round 1 137 0.0168 1226.28 2.30 228.36
round 2 116 0.0168 1448.28 1.95 269.70
HPLC analysis 98.0 0.0170 1734.69 1.64 323.03

strong hydrophilicity, as proved by hydropathy plots done earlier
(22), confirming our result that TaAFP had strong hydrophilicity.

The result of the surface hydrophobic assay by ANS analysis
was similar to that of the TGA analysis (Figure 3). ANS
analysis is a classical method to evaluate the surface hydro-
phobicity of a protein. This method is evaluated by its
fluorescence intensity, reflecting the relative hydrophobic in-
tensity of the sample. The higher the fluorescence intensity
is, the stronger the surface hydrophobicity is (15, 16). Specif-
ically, the surface hydrophobicity of the BSA solution was
stronger than that of the DCAFP and TaAFP solutions.

TaAFP solution showed stronger hydrophilicity than BSA
solutions, and weaker hydrophobicity than BSA solution.
Therefore, TaAFP had a strong hydrophilicity and strong affinity
to water, similar to that of DCAFP or other known AFPs.

Ice-Binding Capacity of TaAFP. The distribution factor (9)
of the DCAFP and TaAFP solutions was measured by the ice-
binding protocol (Figure 1) to evaluate the ice-binding capacity.
In contrast, the BSA solution was assayed as the control at the
same time. Supercooling and ovegrowth of the ice should be
avoided in order to trap AFP in ice (8). In our protocol,
supercooling and overgrowth of the ice was avoided by the
following methods: (1) a lower sample content (1 mg/mL) to
decrease the energy barrier and keep ice formation ongoing,
(2) magnetic stirring to ensure the continuity of the liquid
fraction, and (3) lowering of the temperature gradually to
overrun the threshold and trap AFP. Table 1 shows the
distribution factor () of BSA, DcAFP, and TaAFP solutions.
The 6 of the BSA solution was obviously lower than those of
the DCAFP and TaAFP solutions. More than 90% of the DCAFP
and TaAFP were bound to ice, proving that DCAFP and TaAFP
had specific ice-binding capacities. Moreover, DCAFP has strong
hydrophilicity and can control the movement of freezable water
content (18, 23). Therefore, the specific ice-binding capacity
of DCAFP and TaAFP solutions was confirmed. In conclusion,
TaAFP had a specific ice-binding capacity, similar to those of
other known AFPs (8, 24-26).

Purification of TaAFP from Wheat-Bran Protein by a
Three-Step Procedure. TaAFP is purified 357-fold to electro-
phoretic homogeneity with an overall yield of 1.60% from
wheat-bran protein in five-step procedures as described in our
previous study (11). In this study, TaAFP was purified to
electrophoretic homogeneity on the basis of its specific hydro-
philicity and ice-binding capacities. Meanwhile, the five-step
procedure was reduced to three steps, including crude extraction,
an ice-binding protocol, and HPLC purification. First, the crude
extraction took full advantage of TaAFP’s specific hydrophilicity
to dissolve in 10 mM PBS (pH 8.0) and separate easily from
other components. Second, TaAFP was trapped by ice on the
basis of its specific ice-binding capacity by the ice-binding
protocol. The purification factor was up to 270-fold. Therefore,
the ice-binding protocol step was the most effective step in the
three-step procedure. The purification factor of round 1 and
round 2 was similar during the ice-binding protocol. Remark-
ably, the purity of TaAFP was improved significantly in round
2 (Figure 4). Therefore, round 2 was an indispensable part of

the three-step procedure. HPLC purification was an effective
supplement of specific purification. In summary, TaAFP was
purified to electrophoretic homogeneity more quickly than the
traditional method we used earlier (11). The three-step procedure
was summarized in Table 2, showing that TaAFP was purified
323-fold to electrophoretic homogeneity with an overall yield
of 1.64 % from wheat-bran protein. In conclusion, the overall
yield of the three-step procedure was a little higher than that of
the five-step procedure. Nevertheless, the three-step procedure
was simpler, more effective, and low-cost and can be applied
to the search and purification of new AFPs.

ABBREVIATIONS

AFP, antifreeze protein; ANS, 1-anilino-8-naphtalene-sul-
fonate; BSA, bovine serum albumin; DcAFP, carrot (Daucus
carota) antifreeze protein; DSC, differential scanning calorim-
eter; PBS, phosphate buffer solution; SDTA: synchronal dif-
ferential temperature analysis; TaAFP, wheat-bran (Triticum
aestivum L.) antifreeze protein; TGA, thermal gravimetric
analyses; THA, thermal hysteresis activity.
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