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A B S T R A C T

Ice binding proteins (IBPs) have been attracting significant interest on account of their characteristic of in-
hibiting ice growth and recrystallization. Owing to their unique characteristics, IBPs have been studied for
applications in food, pharmaceuticals, and medicine, as well as from a general scientific point of view. In this
study, we have used differential scanning calorimetry (DSC) and Raman spectroscopy as tools to understand the
ice binding activity of the Arctic-yeast-originating extracellular ice binding glycoprotein (LeIBP) isolated from
Leucosporidium sp. AY30. From the DSC results, an increase in the specific heat capacity was confirmed for
1 mg/mL LeIBP, which suggested that additional heat flow was required for the change in temperature. In
addition, the temperature corresponding to the phase change of the solution was measured, and Raman spec-
troscopy was carried out on the frozen and molten phases, respectively. From the results of Raman analysis, we
confirmed that the helical vibrations related to the ice binding sites on LeIBP were dramatically suppressed when
the LeIBP solution was frozen. Furthermore, principal component analysis (PCA) of the Raman spectra yielded
the contrast factor between the freezing and melting states. Both DSC and Raman spectroscopy are widely used
to study the ice binding activity and the structural changes associated with molecular vibrations in cryobiology.

1. Introduction

Antifreeze proteins (AFP) and ice-binding proteins (IBP) have at-
tracted much attention owing to their inhibitory effects on growth and
recrystallization of ice, and their role in organism survival, including
protection of stem cells and blood cells in cold environments. Even
though chemically synthesized antifreezing agents, such as glycerol and
dimethyl sulfoxide (DMSO), have been frequently used as cryoprotec-
tive agents (CPAs), they are associated with low cell viability [5]. To
prevent chemical and cryogenic toxicity, AFP and IBP have been ex-
tracted from natural organisms, such as fish [2,6], plants [8,9,27],
bacteria [13,14,24,25], and insects [3,4,7,15]. Furthermore, some mi-
croorganisms that live in cold environments can be grown at subzero
(Celsius) temperatures because they are able to synthesize cold-adapted
enzymes. Accordingly, an extracellular ice-binding glycoprotein
(LeIBP) was isolated from Arctic yeast Leucosporidium sp. AY30 [17,23].
When LeIBP was introduced for cryopreservation of red blood cells, the

rate of hemolysis was reduced and the blood cell recovery rate was
enhanced four-fold [18]. LeIBP activity has been characterized by em-
ploying thermal hysteresis (TH) and ice recrystallization inhibition
(IRI) to investigate differences between freezing and thawing, and in-
hibition of the growth of large grains of ice that are damaging to cells,
respectively [23]. However, confirming production and antifreeze ac-
tivity is time-consuming because acquisition of molecular information
and notification of whether IBP are bound on an ice surface require long
and sensitive crystallization pretreatment procedures.

Raman spectroscopy has been studied for the verification of various
biological samples, such as tissue [11,12], cells [1,28,30], bacteria
[20,31], and proteins [21,22,26]. Raman spectroscopy is based on in-
elastic scattering of photons incident on the sample. When photons ir-
radiate the sample, the initial photon energy is transferred to the
sample by molecular vibrations. Because the initial single energy level
of the photons is differentiated by various molecular vibration modes,
the individual peaks of the obtained spectrum indicate the molecular
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composition. Therefore, Raman measurements are an excellent tool for
identifying biomaterials. Previous reports of other groups have shown
that characterization of protein structure was consistent with circular
dichroism studies [22] and reviewed protein changes detected by
Raman spectroscopy in secondary protein structure [10,22,26]. Raman
spectroscopy for the examination of antifreeze and ice-binding activity
has the advantages of being continuous, nondestructive, and able to
monitor molecular vibrations.

In this work, DSC studies were carried out to determine the phase
transition temperatures and heat flow properties of LeIBP. From the
thermodynamic study, appropriate temperatures for Raman spectro-
scopy measurements were determined. Heat flow associated with exo-
thermic and endothermic processes was analyzed to investigate phase
transitions. Raman spectroscopy was performed on powder, solution,
and cryo-states of LeIBP to acquire fingerprint signals associated with
the three different states.

2. Materials and methods

2.1. Sample preparation of LeIBP

Ice binding protein from Arctic yeast (LeIBP) was expressed in Pichia
pastoris and purified as described previously [19,23]. Briefly, the codon
optimized LeIBP coding gene was synthesized (Bioneer, Daejeon,
Korea) and cloned into a yeast pPICZαA expression vector (Invitrogen,
USA) with XhoI and NotI restriction sites. The positive LeIBP expressing
colony was selected and used for large scale protein expression. The
transformant cells were grown in 3 l of YPD medium at 30 °C for 5 days.
The cells were induced by daily 5mL methanol addition. The expressed
LeIBP was secreted into culture media after induction and the super-
natant was harvested by removing cells with centrifugation at 3000×g
for 20min at 4 °C. Then, it was transferred to an ion exchange (QFF)
column and bound LeIBP was eluted with 50mM Tris-HCl buffer, pH
8.0, containing 400mM NaCl. The elution fractions were analyzed by
SDS-PAGE and collected fractions containing LeIBP were further pur-
ified using a Superdex 200 size exclusion column (Amersham Phar-
macia). The column was equilibrated with 50mM Tris-HCl buffer, pH
8.0, containing 150mM NaCl and sample was separated at a flow rate
of 1mL/min with same buffer. The finally purified LeIBP was then
freeze-dried overnight (Labconco 79340-10 freeze dry system).

2.2. Differential scanning calorimetry (DSC) measurement

DSC (Q20 calorimeter, TA Instruments) was performed on LeIBP
dissolved in water. Tzero low-mass pans with hermetic lids were filled
with 5 μL of LeIBP solution, using a pipette (Eppendorf, Germany), and
the temperature scanning range was −80 to 80 °C so that LeIBP is not
denatured during the pretest. The temperature was decreased from 5 °C
to the starting temperature of −80 °C, then increased to 80 °C, and fi-
nally decreased to −80 °C. After confirming that the exothermic peaks
that occurred during the two cooling cycles overlapped, it was verified
that there was no denaturing. With empty pans on the sample and re-
ference stages, baseline correction was executed twice. The rate of
temperature decrease was varied from 20 to 2 °C/min. The value of the
exothermic peak was reproducible before it reached 10 °C/min, and
hence, this rate was selected for the other samples.

2.3. Raman spectroscopy

Raman spectra were collected using a Horiba LabRam Aramis
spectrometer with a diode laser (785 nm) as the excitation source. The
light scattered inelastically by the sample was collected in a back-
scattering geometry using ×10 and ×50 microscope objective lens.
The excitation beam spot sizes through the ×10 and ×50 objective lens
were about 3.6 and 2 μm in diameter, respectively. The 1mW power of
the laser was attenuated using a power filter to obtain a good signal-to-

noise ratio (SNR) while avoiding the protein folding–unfolding process.
To amplify the Raman signal using local surface plasmon resonance
(LSPR), the LeIBP solution was dropped on gold nanoparticle (NP)-
coated paper. Gold NPs were directly synthesized using gold chloride
(HAuCl4,> 99.9%) and sodium borohydride (NaBH4,> 96%), and
enriched by centrifugation at 3000 rpm for 1 h. The enriched gold NPs
were dropped on Whatman cellulose chromatography paper (grade 1)
and dried. All solutions of LeIBP and other reagents were prepared
using 18.2MΩ∙cm distilled water. The samples were loaded on a tem-
perature-controlled Linkam THMS600 stage mounted on a Raman
sample stage. To evaluate the spectral differences between freezing and
thawing of LeIBP solution, principal component analysis (PCA) was
introduced. PCA is a statistical analysis method that reduces the
number of variables in multivariate systems and Raman spectra have
many peaks as variables. All analyses were conducted using XLSTAT
2016 software (see Fig. 1).

3. Results and discussion

3.1. Endothermic and exothermic behavior of LeIBP

DSC shows relative difference between the heat flow for LeIBP in
water and the empty holder as a reference. During the cooling process at
a constant rate of temperature decrease of 10 °C/min, heat is extracted
from the solution. Because heat capacity is given by Q

T
, where Q and T

are heat and temperature, respectively, a heat flow greater than zero
does not indicate an exothermic process, but the difference in the heat
capacities of the target and reference samples, unless a specific peak is
observed, as shown in Fig. 2 a (blue line). In the case of 1mg/mL LeIBP
solution, during cooling an increase was observed to −12.7 °C, followed
by the rapid growth of a peak started at −22.7 °C. This was expected to
contribute partially to the rise in the temperature of the sample itself
before the heat generated from the exothermic event was transferred to
the calorimeter. On the other hand, during the thawing process (Fig. 2 a,
red line) a broader exothermic peak was observed. DSC measurements at
various concentrations of LeIBP in water revealed a few intrinsic prop-
erties of the solutions in terms of heat capacity, melting, and thawing
temperature, as shown in Fig. 2 b and 3.

During the cooling process, a phase transition from liquid to solid
occurs, which is associated with an exothermic step in the heat capa-
city. Fig. 2 b shows the freezing behavior for various concentrations of
LeIBP solution. The starting point of the exothermic peak is defined as
the freezing point, which was −22.7, −17.1, −13.4, and −8.5 °C for
the samples corresponding to 1, 0.1, 0.01, and 0.001mg/mL, respec-
tively. When the concentration of the solution in the iced state was
changed from 0.001 to 1mg/mL, the specific heat capacity varied from
0.498 to 0.642 cal/g∙K. On the other hand, it changed from 1.002 to
1.224 cal/g∙K for the liquid state. In the case of pure water, the specific
heat capacities are 0.498 (solid) and 1.002 (liquid) Cal/g K. On the
other hand, the specific heat capacity of LeIBP powder only was
∼0.65Cal/g Kat the freezing point. By considering the molar ratio
between LeIBP and water in the case of the 1mg/mL LeIBP solution, the
solution has a higher heat capacity than the summation of the in-
dividual values for the powder and water. This observation indicated
that LeIBP melted in water has intrinsic properties that are not the same
as those of the powder, and it was expected that Raman spectra should
reflect these differences. Unlike the freezing points, which varied with
concentration, the variation of the melting points was very small at less
than 1 °C. However, solutions with higher densities began to melt
slightly below 0 °C, as shown Fig. 3. The maximum of the endothermic
peak gradually moved to higher temperatures as the concentration of
LeIBP decreased. When single Gaussian fitting was applied to the 1mg/
mL and water data, the peaks were centered at 3.5 and 4.7 °C, respec-
tively. At the intermediate concentration of 0.01mg/mL, the en-
dothermic behavior appeared to be a two-step process corresponding to
a summation of the 1mg/mL solution and water results, as shown in
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Fig. 3 b. Gaussian fitting of the data obtained by subtraction of the
water results from the 0.01mg/mL solution results revealed a peak
centered at 3.1 °C. Thus, as an intrinsic characteristic for low con-
centrations of LeIBP in solution, it is estimated that the activity of LeIBP
is localized during melting.

Fig. 1. Schematic diagram showing how phase transition of ice binding protein solution was examined using differential scanning calorimetry (DSC) and Raman
spectroscopy.

Fig. 2. (a) DSC curve of 1mg/mL LeIBP in water. (b) Exothermic behavior of
LeIBP in water (0.001–1mg/mL). The area in the red dotted line is magnified in
the inset, which shows a change heat capacity that indicates a phase transition
after a rapid exothermic reaction. The peaks are slanted to the right because the
Q20 calorimeter is a heat flux DSC that plots sample temperature instead of
program temperature, and the temperature of the supercooled sample increases
during freezing. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 3. Endothermic behavior of LeIBP with increasing temperature (a) at
various concentrations from 0 (only water) to 1mg/mL. (b) Peak center of
Gaussian for subtraction between 0.01mg/mL and water was located at 3.1 °C.
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3.2. Raman measurement of LeIBP powder

The DSC results indicated the appropriate temperatures for Raman
spectroscopy measurements because the observed changes in heat ca-
pacity correspond to phase transitions. As the temperatures between the
exothermic and endothermic points are characterized by mixtures of
liquid, solid, and crystalline ice states, the target temperatures for
measuring Raman spectra were chosen as 15 and °30 C. These tem-
peratures correspond to a stable temperature region of each phase, as
obtained from the DSC results. Prior to investigating the phase transi-
tion of LeIBP solution, the differences between Raman spectra in solu-
tion and in the powder state were examined, as shown in Fig. 4. Even
though solution did not show strong spectral peaks, the spectrum of
dried LeIBP was the same as that of the initially extracted powder.
Significant peaks located at 1002, 1256, 1327, 1449, and 1670 cm−1

are related to phenylalanine, -helix, and aliphatic amino acid com-
ponents [29]. The very intense peak at around 1000 cm−1 corresponds
to phenylalanine, which is not sensitive to conformational changes in
most of proteins. The peaks at 1256 and 1670 cm−1 originate from the
-helix of the protein, which is a well-known spiral form. The peaks at
1327 and 1449 cm−1 correspond to aliphatic amino acids, which have
hydrophobic properties. These characteristic peaks have been described
in a previous report on LeIBP structures [19]. From this peak assign-
ment, the individual peaks in the Raman spectrum of LeIBP are suffi-
cient for identifying isolated ice-binding proteins.

3.3. Surface enhanced Raman and statistical analysis of LeIBP solution

To investigate the solution state of LeIBP using Raman spectroscopy,
paper coated with gold NPs was introduced as a surface enhanced
Raman spectroscopy (SERS) substrate, which has the advantage of
porosity. After dropping the 1mg/mL LeIBP solution on the SERS
substrate, several Raman scans were acquired and averaged, as shown
in Fig. 5. Each data point was obtained by varying the local position.
The sample was allowed to stabilize for 5min after changing the tem-
perature. The main peaks for the LeIBP solution were observed at 950,
1000, 1100, 1170, 1265, 1320, and 1450 cm−1, which corresponded to
-helices, phenylalanine, deformation vibrations of CHx [16], and a
paper-oriented peak. The phenylalanine peak at around 1000 cm−1

increased dramatically when the liquid on the substrate dried (data not
shown). This change is similar to that of the peak observed in the
powder spectrum, shown in Fig. 4. Thus, it can be concluded that the
Raman signal obtained at −30 °C (Fig. 5) is a result of the ice binding
activity and indicates little effect of dehydration. The peak at
1100 cm−1 corresponds not only to proline, alanine, and stretching
vibrations of CeC bonds, but is also a main peak of the paper used as

the SERS substrate. The spectra of pristine gold NP-coated paper and
the protein on gold-coated glass confirmed that this peak has con-
tributions from both the protein and paper.

The standard deviations of the peaks at 950, 1265, and 1450 cm−1

in the spectra measured at 15°C (red line, Fig. 5) were significantly
decreased when the temperature was −30°C (blue line, Fig. 5). Note
that these peaks correspond to the -helix structure and are marked by
black circles in Fig. 5. Previous structural results for LeIBP [11] re-
vealed that -helices provide ice-binding sites with a long -helix
packing structured exists along one face. The -helix has the role of
providing stabilization of the LeIBP components. This observation in-
dicates why deviations of the helical vibrational peaks were inhibited
for the frozen solution. First, the SERS substrate with gold NPs, which
have small radii on the nanometer scale, acts as a Raman signal en-
hancer. Owing to the flexibility of the protein dissolved in water, LeIBP
moves, rotates, and folds during irradiation by the excitation laser.
Furthermore, absorption and desorption of LeIBP on the gold surface
occurred frequently in the solution state. Second, specific peak in-
tensities in the Raman spectra decreased owing to deformation by
protein folding and increased owing to proximity to the gold surface.
On the other hand, close proximity between LeIBP and the gold surface
restricts rotation, movement, and protein folding in the frozen state. By
occupying the -helix binding site for crystalline ice, the -helix was
stabilized and became ordered, resulting in a significant reduction of
the deviation in intensity related to the -helix.

In addition to this deviation, PCA provided further discrimination
between freezing and thawing of LeIBP solutions, as shown in Fig. 6.
The first principle component explained 44.1% of the data and the fifth
component explained 6.35%, with the ice and solution phase clustered
near each other, divided by a dashed line. By using the variation in
1024 points between 500 and 1700 cm−1 as a reference, it could be
determined whether a sample is frozen.

4. Conclusion

In summary, the IBP isolated from the Arctic yeast Leucosporidium sp.
AY30 (LeIBP) was characterized using DSC and Raman spectroscopy. The
temperatures of the phase transitions of LeIBP solutions were acquired
from the DSC results. The heat flow and thermal capacity results showed
that dissolving LeIBP changed the properties of water. With reference to
the DSC results, Raman measurements were performed at 15 and −30 °C
to ensure that freezing and thawing were completely finished. Standard
deviations of the Raman peaks corresponding to helical vibration modes
were dramatically suppressed for the frozen LeIBP solution. It is esti-
mated that the -helix provides stabilization for the ice-binding site and
the flexibility of the protein is reduced in the frozen state. By utilizing

Fig. 4. Raman spectra of LeIBP solution and powder.
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PCA tools, data corresponding to the frozen and thawed states were
grouped successfully. From these results, we have confirmed that Raman
analysis can bring useful information for identifying LeIBP and mon-
itoring its ice-binding activities.
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