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Abstract Many ectotherms organisms produce antifreeze
proteins (AFPs), also known as thermal hysteresis proteins
(THPs), which can lower the freezing temperature of body
liquids without significantly affecting the melting point. In
this article, thermal hysteresis activity (THA) of ApA-
FP752 from the desert beetle Anatolica polita was mea-
sured with differential scanning calorimetry (DSC). When
the ice fraction was less than 25.3%, a delay in the onset
temperature of refreezing was observed, indicating that the
ApAFP752 solution has thermal hysteresis effect. When
the amount of ice in the solution was less than 5.1%, THA
of the ApAFP752 reached as high as 0.76 °C. THA of
ApAFP752 was concentration-dependent. Hydrophilic
ability of ApAFP752 was evaluated by thermal gravimetry
(TG). The results of TG showed that ApAFP752 has strong
hydrophilicity. The secondary structure of ApAFP752 was
studied with circular dichroism (CD). The CD spectrum
from 190 to 240 nm indicated a well-defined secondary
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Abbreviations

THA Thermal hysteresis activity

BSA Bovine serum albumin

IPTG Isopropyl-I-thio- f-p-galactopyranoside

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

CD Circular dichroism

Introduction

The production of antifreeze proteins (AFPs) is an adaptive
response of some ectotherms to cold environments, which
allow them to survive subzero temperatures by inhibiting
ice growth [1-5]. AFPs non-colligatively produce a tem-
perature difference between the freezing point (7y) and the
melting point (7,,) of the body fluid, termed thermal hys-
teresis activity (THA), i.e., THA = T, — T; [6, 7]. This
feature enables the use of AFPs in cryopreservation of
cells, tissues, as well as food products [8—11].

Analyses of the crystal structures of AFPs from various
species have revealed that they typically display a flat
hydrophilic side with oxygen atoms in the ice lattice,
through which they are considered to directly interact with
one or more planes of a growing ice crystal. The ice lattice
mimicry found in most AFPs is considered essential for
their ice-binding function [12-14].
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The beetle Anatolica polita (Coleoptera: Tenebrionidae)
is distributed throughout Gurbantonggut Desert in Xinjiang
and Central Asia, where the difference in temperature
between summer and winter and day and night in summers
varies much. These hostile environments may suggest that
AFPs (ApAFP) in A. polita could have high THA.
A recombinant protein ApAFP752 from beetle A. polita
was obtained in a soluble form. The predicted three-
dimensional structure of ApAFP752 was a right-handed
parallel f-helix consisting of six repetitive 12-amino acid
loops. The consensus sequence for these repeated loops
was TCT/IXSXXCXXAX, where X stands for any amino
acids, as described previously [12]. This sheet contained
the array of threonine residues from the TCT/I motif that
may be the putative ice-binding face [14, 15].

THA value is commonly measured with direct micro-
scopic observation of crystal growth in a sample by
employing a nanoliter osmometer [16, 17]. Another method
is calculated approximately by the freezing point mea-
surements by using a Micro-Osmometer [18]. Although
microscope techniques that permit direct observation of the
melting and growth of ice crystals have most often been
used to measure THA values, differential scanning calo-
rimetry (DSC) has been extensively used to study ice for-
mation in biological samples, and DSC also provides an
accurate method to analyze the TH activity of AFPs [7, 19—
23]. DSC could monitor the thermal response of a sample
to temperature changes, or isothermally [24]. At the same
time, the exothermic and endothermic events during state
changes of the sample can be monitored. The same tem-
perature program is applied to a sample and a reference
pan, and the difference in heat flow to each pan is mea-
sured. The transitions appear as endothermic peaks if heat
is absorbed as ice melted or as exothermic peaks if heat is
given out as ice formed.

Thermal gravimetry (TG) is a well-established set of
techniques for obtaining qualitative and quantitative
information about the effects of various heat treatments on
materials of all kinds. This technique involves monitoring
the mass loss of the sample in a chosen atmosphere
(usually nitrogen or air) as a function of temperature [25].
TG is inherently quantitative and, therefore, an extremely
powerful thermal technique, but gives no direct chemical
information [26, 27].

To see whether there are differences in thermal behavior
between the control BSA and ApAFP752, DSC and TG
measurements were performed in this study. The aim of
this article is to accurately investigate TH activity of
ApAFP752 with DSC and to study the hydrophilicity
of ApAFP752 by TG method. Subsequently, to understand
the mechanism of thermal behavior of ApAFP752, the
structural information of ApAFP752 at its natural state was
obtained with CD spectrum.
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Experimental
Materials

ApAFP752 was produced by Escherichia coli BL21 (DE3)
strain containing plasmid pET32a-Apafp752 (Apafp752
GenBank no. GU358703) with 0.8 mM IPTG induction. As
expected, SDS-PAGE analysis showed that recombinant
ApAFP752 was highly expressed in E. coli BL21 (DE3)
and the soluble component was obtained. High quality
ApAFP752 was yielded with Ni-NTA affinity, anion
exchange, and gel filtration chromatography. Purified
recombinant protein ApAFP752 was identified by SDS-
PAGE and Western blotting.

The molecular size of this recombinant ApAFP752 was
determined to be 30 kDa. The concentration of the protein
was 1 mg mL™' for DSC and TG experiment. BSA was
purchased from AMRESCO Chemical (USA) and the
concentration was 3 mg mL~"'. Samples were all dissolved
in 10 mM phosphate buffer, pH 7.4 (PBS). Water was
double distilled.

DSC

A DSC Q2000 (TA Instruments, USA) was used in this
study. Empty aluminum hermitric pans were used for
baseline calibration. BSA solution was used as a control to
make a comparison between solutions with and without
ApAFP752. About 5 pL. of sample was placed in an alu-
minum pan. The mass of the sample was recorded using an
analytical balance. The TH activity of AFP was measured
by DSC as described in detail elsewhere [20, 21, 23].
Briefly, a sample was cooled to —30 °C (completely fro-
zen), held at —30 °C for 10 min to allow the system to
stabilize, and then slowly heated at a rate of 1 K min~' to
10 °C. The melting point and the melt endothermic area
(the enthalpy of melting) were recorded. The sample was
then cooled at a rate of 1 K min~" to —30 °C again, held at
—30 °C for 10 min, and then slowly heated at the same rate
to a hold temperature (7},) at which the sample was not
completely melted, containing a certain amount of ice
crystal. To allow for ice—ApAFP752 interaction and system
stabilization, the sample was held at this temperature for
5 min before being recooled at the same rate of 1 K min~"
to —30 °C. The onset temperature (7,) of the crystalliza-
tion and the refreeze exothermic area (the enthalpy of ice-
inoculated freezing) were recorded.

The fraction of the ice (Nuclei (%)) in the sample was
estimated as [1 — (—AH/AH,)] x 100%, where AH,, is
the enthalpy of melting and AH, is the enthalpy of
refreezing [23]. The experimental procedure above was
repeated with different hold temperatures to obtain differ-
ent partially melted systems with various ice-contents.
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Scans at different 7}, may result in different ice fractions in
the sample, which may affect the measured THA [20, 28].
The difference between the T}, and the T,, THA = T}, — T,,
is usually represented as the THA determined using the DSC
method to quantitatively assess the THA at various ice
fractions [20, 29].

TG analysis

The hydrophilicity of the samples was assayed by a TG
method, which reflected the hydrophilic affinity of the
samples [30]. The TG analyzer was heated from 25 to
150 °C at a rate of 15 K min~' with a nitrogen flow of
25 mL min~' by TGA Q5000 (TA Instruments, USA).
Aliquots of 20 pL of sample [PBS, BSA, and ApAFP752,
respectively] were loaded into platinum pans. PBS was
used as the control. The TG curve showed mass loss during
the heating process.

Circular dichroism (CD) spectrum

CD spectra were measured from 190 to 250 nm on J-715
(JASCO, Japan). Sample was dissolved in PBS (pH 7.4) at
a concentration of 3 pmoL L~ and placed in a 0.1 cm
path length quartz cuvette. Baseline calibration was made
against the sample. Spectrum was recorded with a scan
speed of 50 nm min~'. Data obtained from CD spectros-
copy were converted into molar ellipticities (deg cm?
dmol™"), and used for secondary structure analysis by using
Jasco Jwsse 32 secondary structure estimation software.
Wavelength scan data were collected every 1 nm witha 3 s
data averaging time, and three scans were averaged.

Results
DSC measurements

DSC curves of refreezing (1 K min™") of partially melted
BSA solution are presented in Fig. 1 and data are given in
Table 1. Frozen BSA was heated to cause partial melting at
different hold temperature. The sample was then cooled
and recrystallized. The area under the exothermic curves
increased with the increase of 7}, from —1.8 (a), —1.7 (b),
—1.5 (¢), —1.3 (d) to —1.1 °C (e), indicating that the
amount of ice nuclei in the equilibrium sample decreased
accordingly. Recrystallization of the melted part started
immediately after the temperature dropped, and the exo-
thermic peak appeared without any delay. The result
indicated that the BSA solution had no thermal hysteresis
effect. When Tj, rised to —0.9 °C, complete melting of the
frozen BSA solution was observed, and the solution
refreezed at the supercooling point of —13.93 °C.
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Fig. 1 DSC curves of refreezing (1 K min~") of partially melted
BSA. The hold temperature (7}) of the curves from a to e are —1.8,
—1.7, —1.5, —1.3, and —1.1 °C, respectively. No delay in the onset
temperature has been shown with an arrow

Table 1 The hold and onset temperature (7}, and T,), recrystallization
enthalpy, ice fraction, and THA of BSA (3 mg mL™")

Ty/°C —-1.8 —-1.7 —1.5 —-1.3 —1.1 -0.9
T,/°C —1.81 —1.71 —1.53 —1.33 —1.12 —13.93
AH,/ —143.3 -—180.0 —-2254 —-256.2 —273.7 -260.6
Jgf1

Nuclei 51.0 38.5 23.0 12.5 6.5 0
“gp»

THA/ 0.01 0.01 0.03 0.03 0.02

°C

Melting enthalpy AH,, = 292.7 J g~
Nuclei (%) = [1 — (—AH)/AHy] x 100%

DSC curves and corresponding data of the recrystalli-
zation of partially melted ApAFP752 solution are pre-
sented in Fig. 2 and Table 2. Similarly, there was a
decrease in the ice fraction with increasing of T}, from —1.9
to —0.9 °C. As T}, was —1.9 (a), —1.8 (b), —1.7 (¢), —1.6
(d), and —1.5 °C (e) and the ice fraction was more than
25.3%, the recrystallization of partially melted ApAFP752,
very much like BSA, started without any delay as the
temperature dropped, and the freezing peaks appeared
immediately. When the ice fraction was less than 25.3%,
however, a delay in the onset temperature of refreezing was
observed to increase from 0.3 to 0.76 °C as Tj, increased
from —1.4 (f) to —0.9 °C (k). This indicated that the
ApAFP752 solution has thermal hysteresis effect. When T;,
rised to —0.8 °C, the frozen ApAFP752 solution was
completely melted, and then with the temperature dropped
the solution refreezed at the supercooling point of
—12.36 °C.

Figure 3 shows the concentration dependence of the TH
activity of ApAFP752 measured at cooling rate of
1 K min~'. At 0.1, 0.3, 0.5, and 1.0 mg mL™" ApAFP752,
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Fig. 2 DSC curves of refreezing (1 K min™") of partially melted
ApAFP752. The hold temperature (7},) of the curves from a to k are
-19,-18,-1.7,-1.6, -1.5,-14, -1.3, -1.2, —1.1, —1.0, and
—0.9 °C, respectively. No thermal hysteresis effect was observed
in curves a, b, ¢, d, and e, whereas, THA of 0.3, 0.38, 0.45, 0.67,
0.69, and 0.76 °C was observed in curves from f to k, respectively.
The delay in the onset temperature is shown with an arrow

the TH activity was 0.23, 0.46, 0.63, and 0.76 °C,
respectively (Table 3). There was an increase in TH
activity with the increase of concentration from 0.1 to
1.0 mg mL™", indicating that the TH activity of ApA-
FP752 was concentration-dependent.

Thermo gravimetric analysis

Hydrophilic ability of ApAFP752 was evaluated by TG. As
shown in Fig. 4, from left to right, the curves were PBS,
BSA, 1 mgmL~' ApAFP752, and 3 mg mL™~' ApA-
FP752, respectively. It indicated that there was different
mass remaining at the same temperature. The exact tem-
perature of 90% sample mass loss was monitored in
Table 3. The temperatures were 114.51, 115.12, 119.86,
and 120.61 °C for PBS, BSA, ApAFP752 (1 mg mL_l),
and ApAFP752 (3 mg mL™") solutions, respectively, when
the mass loss was 90%. The ApAFP752 had higher tem-
perature for 90% mass loss than those of PBS and BSA
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0.6
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0.4

0.3

Thermal hysteresis/°C

0.2

0.1F

0 02 04 06 08 0 12
Concentration/mg mL~!

Fig. 3 Concentration dependence of THA for ApAFP752. The
concentration of ApAFP752 is 0.1, 0.3, 0.5, and 1.0 mg mL~!,
respectively. Each point represents the mean of three experiments and
the error bar represents the standard deviation

solutions. Therefore, the water of ApAFP752 cost more
time to escape from the protein solution than that of PBS
and BSA solutions. The result suggested that ApAFP752
has higher hydrophilicity than BSA. ApAFP752
(3 mg mL™") had higher temperature for 90% mass loss
than those of ApAFP752 (1 mg mL™") solution, indicating
that hydrophilic ability of ApAFP752 was also concentra-
tion-dependent.

The water evaporation of PBS, BSA, ApAFP752
(1 mg mL™"), and ApAFP752 (3 mg mL™') solutions
stopped at about 122.02, 124.37, 127.39, and 129.45 °C,
respectively (Table 4). It indicated that the water of
ApAFP752 solution takes more time to evaporate because
of the strong hydrophilicity of ApAFP752.

CD measurement

Secondary structure provides useful information for
understanding the functional mechanism of the ApAFP752.
The CD spectrum of ApAFP752 incubated at room tem-
perature showed a single maximum negative ellipticity
between 210 and 220 nm (Fig. 5), indicating formation of
a f-sheet structure [31, 32]. A mixed secondary structure of

Table 2 The hold and onset temperature (7}, and T,), recrystallization enthalpy, ice fraction, and THA of ApAFP752 (1 mg mL™h)

Tyw/°C —-1.9 —-1.8 —-1.7 -1.6 —1.5
T,/°C —-1.92 —1.83 —1.73 —1.62 —1.54
AH/T g7! —1427 —1684 —183.0 —1983 2242
Nuclei “%” 59.8 52.6 48.4 44.1 36.8
THA/°C 0.02 0.03 0.03 0.02 0.04

—-14 —-13 —-1.2 -1.1 —-1.0 -0.9 -0.8
—-1.70 —1.68 —1.65 -1.77 —1.69 —-1.66 —12.36
—265.1 —=276.8 3095 3242 3305 —336.8 3456
25.3 22.0 12.8 8.7 6.9 5.1 0
0.3 0.38 0.45 0.67 0.69 0.76

Melting enthalpy AH,,, = 354.9 7 g™
Nuclei (%) = [1 — (—AH,)/AH,,] x 100%

@ Springer



An insect antifreeze protein ApAFP752 from Anatolica polita

347

Table 3 The hold and onset temperature (T}, and T,), melting enthalpy, recrystallization enthalpy, ice fraction, and THA of ApAFP752 with

different concentrations

Samples T,,/°C T./°C AH/T g™} AHJY g7! Nuclei “%” THA/°C
ApAFP752 “0.1 mg mL™"” -1.0 —1.23 254.7 —241.9 5.0 0.23*
ApAFP752 “0.3 mg mL™"” -1.0 —1.46 277.9 —261.8 5.8 0.46°
ApAFP752 “0.5 mg mL™"” -0.9 —1.53 300.6 —281.9 6.2 0.63¢
ApAFP752 “1 mg mL™'” -0.9 —1.66 3549 —336.8 5.1 0.76"
Different lower case letters indicate significant differences (p < 0.01). Values are means + SD of three replicates
100 T g
S
g 6f
a— PBS T oy T
80 [ b— BSA 3 mgmL™}) s ! {
¢ — APAFP752 (1 mg mL ™)) 5 21 \
d — APAFP752 3 mgmL™)) Sl S R e
R 60} R 2
Z S 4t R o
S A\ = 61 .
* wf \ L e
T -
\_ — 190 200 210 220 230 240
\ Wavelength/nm
20 F Ny
‘1\\° Fig. 5 The CD spectrum of the ApAFP752 in PBS, pH 7.4 at room
RN temperature
0 ' 1 S
30 60 90 120 150

Temperature/°C

Fig. 4 TG curves of PBS, BSA (3 mgmL™'), ApAFP752
(1 mg mL™"), and ApAFP752 (3 mg mL™")

11.1% o-helix, 53.6% [-sheet, 8.3% turn, and 27.0% ran-
dom coils was deduced. The f-sheet structure is the pre-
dominant secondary structure of the ApAFP752.

Discussion

TH activity of AFP was determined usually using the DSC
method at various ice fractions [20, 22]. As shown in
Fig. 1, in an equilibrium solution absent of ApAFP752, the
formation of an ice nucleus and further crystallization
occur almost at the same time as the temperature drops.
When in the presence of ApAFP752, the ice—ApAFP752
interaction results in a delay in crystallization until the
temperature is low enough to overcome the effect of
ApAFP752 (Fig. 2).

Table 4 Total mass loss of PBS, BSA, and ApAFP752 by TG

Figure 2 clearly showed that when large amount of ice
(>25.3%) existed in the system, the level of ApAFP752
accumulation was not high enough to suppress the ice
growth as the temperature dropped. Explosive crystalliza-
tion and the drop of temperature, therefore, were syn-
chronistic. When the sample contained less ice (<25.3%),
the freezing point of the partially melted ApAFP752
solution was considerably lowered. The THA of ApA-
FP752 solution was increased from 0.3 to 0.76 °C when the
ice fraction was decreased, which is similar to that found in
DAFP-1 sample [23]. This condition is much closer to the
initial natural phase when insect A. polita meet severe
weather and start to freeze in the wild. Higher THA was
observed with smaller ice fraction (5.1%) in the solution of
ApAFP752. This result was also in agreement with the
proposed mechanism for AFP function [4, 33].

According to TG data, the water of the ApAFP752
solution takes more time to evaporate than the control
because of the strong hydrophilicity of ApAFP752, similar
to that of other known AFPs [34, 35]. ApAFP752 was

1

Samples Heating rate/K min~ 90% weight loss/°C Evaporation stop/°C
PBS 15 114.51 + 0.12% 122.02 + 0.18*
BSA “3 mg mL™"” 15 115.12 + 0.14% 124.37 &+ 0.18°
ApAFP752 “1 mg mL™'” 15 119.86 & 0.11° 127.39 + 0.12¢
ApAFP752 “3 mg mL™'” 15 120.61 + 0.16° 129.45 + 0.20¢

Different lower case letters indicate significant differences (p < 0.01). Values are means + SD of three replicates
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composed of 78.8% hydrophilic amino acids, contributing
to the strong hydrophilic ability structurally. The strong
hydrophilicity of ApAFP752 confers its ability to convert
the free water to binding water in the beetle body liquid,
which is significantly important for its adaptation to the
water-deficit caused by extreme environment conditions:
drought and freezing.

Secondary structure provides the most useful informa-
tion for understanding the real mechanism of A. polita
AFP. CD technique is based on the differential absorption
of left- and right-circularly polarized light by optically
active molecules [36]. It has been widely used to study
protein secondary structure conformations (f5-sheet,
a-helix, etc.) in the far-UV range, where the peptide bonds
are the main chromophore and absorb at wavelengths
below 240 nm [37]. CD spectral studies demonstrated that
the predominant secondary structure of ApAFP752 was
f-sheet (Fig. 5). It is similar to that of TmAFP from Ten-
ebrio molitor possessing right-handed fS-helix [32]. The
predicted 3D structure shows that most hydrophilic amino
acid residues of the ApAFP752 located on the faces of the
p-sheet (data not shown). How does this structure actually
function is still under investigation.
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