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Abstract Freezing is a widely applied method in food
preservation. The technique has negative effects on sensory
and textural properties of some foods. In this study the
effects of the freeze—thaw process and lactobionic acid
(LBA) as a cryoprotectant on GInK protein solution were
evaluated by circular dichroism (CD) analysis and
isothermal titration calorimetry (ITC). The freeze—thaw
cycles caused changes in GInK conformation and interac-
tions with small ligands (adenosine triphosphate, ATP). CD
assay demonstrated changes in the molar ellipticity values
of the samples subjected to freezing, indicating confor-
mational changes to the GInK protein. Additionally, ITC
analysis indicated that the freeze—thaw process caused
changes in the interaction properties of GInK with its
ligand ATP. LBA cryoprotectant activity was also evalu-
ated and with both of the techniques it was demonstrated
that the compound prevented the damage caused by the
freeze—thaw process, thereby maintaining the characteris-
tics of the samples.
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Introduction

Freezing is one of the most frequently used techniques for
preserving the chemical and microbiological stability of
food products. Although the process is widely employed, it
still causes some negative effects in some foods and results
in a loss of quality in these products. These negative effects
include the degradation of proteins and changes in the
texture and taste in some foods (Rawson et al. 2012; Kaale
and Eikevik 2013).

In order to understand these changes and search for
solutions to minimize the damages, many studies have been
carried out to evaluate the effects of freezing on proteins.
Garcia-Arias et al. (2003) showed that the freeze—thaw
process results in a decrease in the protein content of sar-
dine fillets. Compared with fresh samples, the thawed ones
presented a decrease in the number of SH groups, charac-
teristic of cysteine protein. Herrera et al. (2001) showed by
using DSC that the actin and myosin proteins from “blue
whiting” fish exhibited thermal denaturation in conditions
of freezing and storage. Wang et al. (2014a, b) reported a
decrease in the water sorption capacity in gluten samples as
a result of the freezing process. The results suggested an
increase in the hydrophobic site exposure in proteins
caused by the freezing process. With regard to the
physicochemical properties of these proteins, a depoly-
merization of glutenin caused by the deterioration of gluten
and glutenin in the freezing and storage processes was
observed (Wang et al. 2014a, b).

To improve the freezing technique, some cryoprotectant
substances can be used to prevent the protein denaturation
of biological tissue from freezing damage (Hubalek 2003;
Ariyaprakai and Tananuwong 2015). This effect can be
achieved in different ways, depending on the mechanism of
action of the cryoprotectant. These mechanisms include
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freezing rate reduction (Alvarez et al. 2010), modification
in the ice crystal structure (Furukawa et al. 2005) and a
decrease in the solution’s freezing point (lijima 1998).

There are several studies at low temperatures using
cryoprotectants to prevent freezing damage. Maltodextrins
were added to different types of frozen fish, and the com-
pound promoted less denaturation in the samples through
the inhibition of formaldehyde formation (Herrera et al.
2001). Glycerol is a compound with cryoprotectant prop-
erties that is widely employed in microbiology. It is one of
the most widely used substances in the field for reducing
freezing damage (Hubalek 2003). lijima (1998) presented
the effect of glycerol as a cryoprotectant in the preservation
of frozen blood cells. Samples with the glycerol cyopro-
tectant in concentrations above 55% were completely free
of ice crystals. Recently, antioxidant components of grape
were used to increase the shelf life of Indian mackerel in
iced conditions and the results presented these components
as a promising natural preservative (Sofi et al. 2016).

One food additive that has attracted attention in the
freezing area is lactobionic acid (LBA). There are reports
of its beneficial effect when employed in the preservation
of transplanted organs at low temperatures (Isaacson et al.
1989; Charloux et al. 1995), in the reduction of hypother-
mically induced cell swelling (Shepherd et al. 1993) and as
an additive to meat products (Nielsen 2009). LBA is a
compound obtained from chemical or microbial oxidation
of lactose. It has created great interest among the food,
pharmaceutical, chemical and cosmetics industries due to
its functional properties (Gutiérrez et al. 2012). The addi-
tive is approved by the US FDA (Food and Drug Admin-
istration) (FDA 2014) and has chelating, moisturizing and
antioxidant properties (Isaacson et al. 1989; Green et al.
2009; Tasic-Kostov et al. 2012).

GInK from Herbaspirillum seropedicae is a protein
belonging to the PII family. This family has an important
biological role in the control of the nitrogen metabolism
and is widely distributed in nature (Arcondéguy et al.
2001). In this sense, studies about the structure of GInK
and its interactions are important in understanding the
protein’s behavior and its reaction mechanism (Xu et al.
1998; Bonatto et al. 2012). Moreover, GInK has been
studied in this research group; it can be overexpressed,
easily purified and is relatively stable, so it is suitable for
use as a protein model in this study.

Isothermal titration calorimetry (ITC) is a technique that
measures the thermodynamic parameters involved in the
interactions between molecules (Perozzo et al. 2004). The
method is versatile and can be applied to many systems and
conditions. Examples include GInK and ATP binding in the
presence of 2-oxoglutarate (2-OG) (Radchenko et al. 2010),
the effect of pH and the conformation in the complexation of
bovine a-lactalbumin and oleic acid (Park et al. 2015), and the

toxicity of the sarafloxacin compound to the catalase enzyme
(Cao et al. 2013). In light of its potential, the technique
deserves to be explored in the field of the freezing process.

Circular dichroism (CD) is a spectroscopic technique
that evaluates the conformation and stability of proteins in
different temperatures, with different ionic strength and in
the presence of small molecules (Corréa and Ramos 2009).
The method can be used to evaluate the frozen storage
effect on proteins in accordance with Wang et al. (2014a);
however, up to now, no studies have been found regarding
GInK protein evaluated by this technique.

The aim of this study was to evaluate the effects of the
freeze—thaw process and the LBA cryoprotectant effect on
the structure of the GInK protein using the combined
techniques of ITC and CD.

Materials and methods
Materials

Lactobionic acid 97% (LBA) (PubChem CID: 7314),
adenosine triphosphate 99% (ATP) (PubChem CID: 5957)
and tris(thydroxymethyl)aminomethane (tris) >99.8%
(PubChem CID: 6503) were purchased from Sigma-
Aldrich and used without further purification. Ultrapure
water, produced by Merck Millipore ultrapure water sys-
tems (Millipore Corp., Redford, MA, USA), was used
throughout the entire experiment and all other chemicals
and reagents were analytical grade unless stated otherwise.

Purification of GInK from Herbaspirillum
seropedicae

Herbaspirillum seropedicae GInK was expressed in the
native form of the plasmid pEMB200 containing the GInK
gene into pET29a + vector. Protein expression was induced
in the empty cell of Escherichia coli BL21. After induction,
the proteins were purified on an fast protein liquid chro-
matography (FPLC) AKTA system (GE Healthcare) using a
Hi-Trap Heparin column (GE Healthcare) (Bonatto et al.
2007). Twenty protein fractions were obtained and eluted
with an increasing NaCl gradient (50-1000 mmol L™").
After purification, the proteins were dialyzed against buffer
(50 mmol L™ Tris pH 8.0; 100 mmol L™ NaCl;
5 mmol L} MgCl,) and stored at 5 °C.

GInK protein characterization
Electrophoresis analysis

The protein fractions’ purity was evaluated by elec-
trophoresis technique. The procedure was performed in a
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denaturing polyacrylamide gel according to the protocol
described by Laemmli (1970). For all the protein elec-
trophoresis essays the gel separator concentration was 12%
(w/v) and the stacking gel concentration was 4%. Elec-
trophoresis assays were performed in a vertical system
according to the manufacturer’s instructions (BioRad).
Samples were mixed with the sample buffer (2% SDS, 10%
glycerol, 0.01% bromophenol blue, 0.0625 mol L™" Tris—
HCIl pH 6.8, 5% pB-mercaptoethanol) and boiled before
application. The buffer used was Laemmli (3 g L™' Tris
base, 14 g L™" of glycine and 1 g L™' SDS) and the device
voltage was 200 V. After electrophoresis, the proteins from
the gel were stained with Coomassie blue stain R-250 and
destained with a 50% (v/v) methanol and 10% (v/v) acetic
acid solution.

Determination of the protein concentration
(spectrophotometrically)

The protein quantifications were performed by spec-
trophotometry (UV) at 280 nm using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). The buffer solution in which the protein was
dialyzed was used as the reference for the spectropho-
tometer. For the protein concentration determination the
molar weight and the molar extinction coefficient param-
eters employed were estimated by the online software
ProtParam (Gasteiger et al. 2005).

Freezing assays
Sample preparation

GInK samples at 0.1 mmol L™" were dialyzed overnight at
5°C against a buffer solution containing Tris—Cl
50 mmol L™" pH 8.0, NaCl 100 mmol L™' and MgCl,
5 mmol L™". GInK samples with LBA cryoprotector were
made with GInK samples at 0.1 mmol L™" that were dia-
lyzed overnight at 5 °C against a buffer solution containing
Tris—Cl 50 mmol L™" pH 8.0, NaCl 100 mmol L™,
MgCl, 5 mmol L™ and LBA 10 mmol L™,

Freeze—thaw cycles procedure

For the freezing essays, GInK aliquots of the dialyzed
protein were used with and without cryoprotectants. The
samples were removed from the refrigerator, quickly pre-
pared in 1.5 mL polypropylene tubes and subjected to one
or two freezing cycles. The freezer temperature during the
freezing essays was set at —27 °C and the freezing time
was 1 h. The thawing procedure was performed at 25 °C
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for 10 min. Right after the samples had been thawed, they
were evaluated using the ITC and CD techniques.

Evaluation of the secondary structure of GInK
samples by CD after freeze-thaw cycles

A CD spectropolarimeter (J-815, Jasco International Co.,
Tokyo, Japan) was used to evaluate the GInK conformation
and stability before and after one and two freezing cycles in
the presence or not of the LBA additive.

Spectra were obtained using quartz cells with an optical
path of 0.01 and 1 cm wide. Nitrogen was used as purge
gas at a flow rate of 10 L min~". For the assays, the protein
solution concentrations were adjusted to GInK
0.5 mg mL~" with ultrapure water.

The mean residue ellipticity (MRE) was calculated in
accordance with Eq. (1). The molecular weight values
(12 kDa) and residue numbers (112 per monomer) for the
GInK protein were estimated using the online software
ProtParam (Gasteiger et al. 2005).

MRE:0><100><MM7 ()
Cxlxn

where 0 is the ellipticity degree (deg), L is the optical

length (cm), C is the concentration (mg mL™"), MM is the

molar mass (kDa) and n is the number of protein residues.

The average molar residual ellipticity (MRE) is given in

deg cm? dmol™"' (Corréa and Ramos 2009).

GInK protein and ATP interaction evaluated by ITC

The experiments were conducted using an ITC,y (Micro-
cal™) from GE Healthcare. The temperature was set at
20 °C and stirring was maintained constantly at 300 rpm.
The reference cell was filled with 200 pL of ultrapure water
and the sample cell was filled with 200 pL of dialyzed
0.1 mmol L™" GInK solution. The 3 mmol L™" ATP solu-
tion was injected into the sample cell from a 40 pL capacity
syringe. The titration was performed in the cell containing
the GInK protein with a first injection of ATP solution at a
volume of 0.4 pL followed by 24 successive injections of
ATP at a volume of 1.5 pL. The duration of each injection
was 3 s and the intervals between the injections were 150 s.
The experiments were performed in duplicate.

Statistical analyses

All measurements from each sample in the CD and ITC
equipment were conducted in duplicate. The Action fuction of
Excel 2010 was used to perform ANOVA using Tukey’s
multiple comparison test. Significance was noted at p < 0.05.
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Results and discussion

Purification and characterization of GInK protein
from Herbaspirillum seropedicae

Electrophoresis of the protein fractions obtained from the
column is presented in Fig. 1. Lane 1 contains the molecular
weight markers (GE Healthcare) with their respective mas-
ses in kDa. Lane 2—crude extract; lane 3—soluble protein;
lane 4—insoluble protein; lane S—proteins not bound to the
column; lane 6—proteins not bound after rinsing with buffer;
lanes 7-21—fractions of the elution with NaCl. The fractions
corresponding to lanes 14—18 of the gel have been chosen for
use in the subsequent analyses. In these fractions, GInK
proteins were found in greater quantity and with few impu-
rities. The presence of the GInK protein was detected from its
monomer molecular weight of approximately 12 kDa. These
fractions were pooled and dialyzed overnight against a buffer
of Tris—C1 50 mmol L™" pH 8.0, NaCl 100 mmol L™ and
MgCl, 5 mmol L™ for further analysis.

The molar absorption coefficient  parameters
(2.98 M~ cm™') and the GInK trimer molar mass (36 kDa)
were estimated using the online software ProtParam (Gastei-
ger et al. 2005). These parameters were used for the protein
concentration measurement and the obtained value was
0.3 mmol L™ of protein. The quantity, concentration and
purity of the GInK protein obtained were suitable for the CD
and ITC analysis.

Freeze—thaw effect on the secondary structure
of GInK protein evaluated by CD

CD spectra of GInK 0.5 mg mL™~" control subjected to one
and two freezing cycles are presented in Fig. 2. The CD

6 7 8 9 10 11 12 13 14 15 16

17 18 19 20 21

Fig. 1 Electrophoresis of the GInK protein from H. seropedicae
fractions obtained from the purification in the heparin column (Hi-
trap GE Healthcare), using the SDS-PAGE 12% gel. Lane I—
molecular weight marker (GE Healthcare) with the respective molar
masses in kDa. Lane 2—crude extract; lane 3—soluble proteins; lane
4—insoluble proteins; lane 5—proteins not bound to the column; lane
6—proteins not bounded after the rinsing with buffer; lanes 7-21—
elution fractions with NaCl (GInK solution)

curves of the GInK secondary structure did not exhibit
typical a-helix or B-sheet conformation characteristics, but
a combination of them. The two most common secondary
structures of the polypeptide chain were o-helix and (-
sheet. The o-helix structures were characterized by a
double minimum at 208 and 222 nm and a maximum
absorption at 191-193 nm, and B-sheet structures present a
minimum at 215 nm and a positive maximum at 195 nm
(Corréa and Ramos 2009). Different protein sources have
specific percentages and ratios of a-helix and B-sheet in
their protein secondary structures. Some studies also indi-
cated that these structures can be modified by the protein
environment as a solvent, temperature and binder (Wha-
mond and Thornton 2006; Giiler et al. 2016). The GInK
structure curves obtained in this study present a positive
maximum at 195 nm, a negative minimum at 206 nm and
shoulder at 217 nm (Fig. 2).

The K2D algorithm was employed on the CD data
(Whitmore and Wallace 2008) to quantify the different
contents of GInK secondary structures. The percentage
compositions of a-helix, B-sheet and random coils obtained
for the GInK control sample were 50 + 1% coil random,
37 £ 1% B-sheet and 12 + 1% o-helix.

The freeze—thaw cycles caused changes in the protein
secondary structure, which can be observed in the molar
ellipticity values of CD spectra (Fig. 2). The samples that
were subjected to freezing had reductions in the intensity of
the peaks at 195 nm (positive), and an increase at 206 nm
(negative) and at the shoulder at 217 nm (negative). These

6000

GInK after 0 freezing cycles
GInK after 1 freezing cycle

4000k % GInK after 2 freezing cycles

2000~

Molar ellipticity (deg.cm?dmol)

-2000~

-4000 -

195 T T 5 s s
Wavelength (nm)

Fig. 2 UV CD spectrum evaluating the effect of freezing cycles on
the secondary structure of GInK 0.5 mg mL™' solutions. Black
squares GInK not subjected to freeze—thaw cycles (native), open
circles GInK subjected to one freeze—thaw cycle, plus symbols GInK
subjected to two freeze—thaw cycles. Through Tukey statistical test it
were observed significant differences between the samples at 0.05
level. Black squares samples were different from open circles
and plus symbols samples and open circles and plus symbols samples
presented no difference at 0.05 level
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changes at the intensity of the peaks in the CD spectra can
be due to conformational changes in the protein structure.
Similar results were obtained by Zhao et al. (2015) for soy
protein isolate that was subjected to the freezing process. It
was suggested that the freeze—thaw cycle processes modify
the structural characteristics of the soy protein isolate.
Samples subjected to 0-2 freeze—thaw cycles showed a
decrease in the ellipticity values in the positive peak,
resulting in a decrease in the B-sheet structure. Neverthe-
less, these authors suggest that the freeze—thaw cycles
caused a change in the molecule structure and a bigger
exposure of the hydrophobic side-chain groups. Changes in
the protein structures were also studied by Giiler et al.
(2016) in terms of enzymatic breakdown of the bovine
serum albumin. Although proteolysis reaction causes more
damage to protein structures than freeze—thaw cycles, both
processes result in similar changes to CD spectra. Giiler
et al. (2016) demonstrated that the decrease of the ellip-
ticity to around 190-195 nm indicated a loss of o-helix
structure resulting from the breakdown of the enzyme into
smaller fragments. At the same time, increase of the
ellipticity values to 222 nm indicates a breakdown of
secondary structure elements and therefore the degradation
of BSA.

In this experiment, by using the CD technique, the
effects of the freeze—thaw procedure on the GInK confor-
mation could be evaluated.

Freezing effect on the GInK and ATP binding
evaluated by ITC

The binding between a 3 mmol L' ATP solution with a
0.1 mmol L' GInK solution subjected to one and two
freezing cycles and not (nature) is shown in Fig. 3. Two
main differences were found between the samples. The first
regards the difference in the interaction enthalpy values
between the samples subjected to freezing and the control.
In Fig. 3, the enthalpy values, represented by the indica-
tors, for all samples were negative, which indicates
favorable interactions for all systems. Since the enthalpy
values of the control samples were smaller than the sam-
ples subjected to the freeze—thaw process, this indicated
that control samples were more stable than frozen samples.
This suggested that the bindings in these samples were
more likely to occurred than samples those subjected to
freezing. This change in the enthalpy values was possibly
caused by a change in the binding mechanism or modifi-
cation to the interaction between the sites (Brown et al.
2009). Changes in the protein mechanism interactions can
be caused by heat treatment and evaluated by ITC as pre-
sented by Rispens et al. (2008). In that study molecular
energy changes were observed in the Immunoglobulin G
protein as a result of thermal treatment. It was verified by
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Fig. 3 ITC curves evaluating the freeze-thaw cycles effect in the
interactions between solutions of 0.1 mmol L™' GInK protein and
3 mmol L™" ATP. Black squares GInK not subjected to freeze—thaw
cycles (nature), open circles GInK subjected to one freeze—thaw
cycle, plus symbols GInK subjected to two freeze-thaw cycles.
Arrows represent the respective enthalpy values of the samples.
Through Tukey statistical test it were observed significant differences
between the samples at 0.05 level. Black squares samples were
different from open circles and plus symbols samples and open
circles and plus symbols samples presented no difference at 0.05
level

ITC analysis that samples subjected to heat treatment
exhibited greater heat interaction values than the control
samples. The authors suggest that the heat treatment caused
some conformational changes in the protein and resulted in
an increase in the binding affinity. Comparing Rispen’s and
this work, in both cases the heat value changes were due to
heat treatment. The difference was that samples that had an
increase in the temperature also had an increase in the
binding affinity and samples that were frozen had a
decrease in this parameter.

Another aspect observed in ITC curves that differentiates
the GInK and ATP binding subjected to freezing treatment is
the system saturation. The amount of ATP solution required
to saturate the system was lower in protein samples subjected
to freezing (1 and 2 cycles of freezing) than in control. The
saturation of the system is analyzed in Fig. 3 in a similar way
to that used by Dimitrova et al. (2002). The system saturation
was identified in the ITC graphics as the region where the
interaction enthalpy values of the samples remained con-
stant. Analyzing the control sample in Fig. 3, the system
saturation could not be identified. However, for samples that
were subjected to freezing, there was a tendency of saturation
in the molar ATP/GInK ratio at around 4.5. This change in
the system saturation may be the result of a conformational
change in the protein structure. The CD technique supports
this result, since it changes in the molar ellipticity values for
the samples subjected to the freeze—thaw procedure were
observed.
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Through the ITC and CD techniques it was possible to
assess the effects on the GInK protein caused by freeze—
thaw cycles. Likewise, in what follows in the sequence the
effects of the LBA cryoprotectant on the system will be
presented.

LBA cryoprotectant effect on GInK secondary
structure subjected to freeze-thaw process
evaluated by CD

The LBA cryoprotectant effect on the secondary structure
of the GInK protein before and after the freeze—thaw pro-
cedure was evaluated by CD. The CD spectra of
0.5 mg mL™' GInK solutions with 10 mmol L~' LBA
additive in nature form and subjected to one and two
freezing cycles are shown in Fig. 4. In the same way as
occurs for the GInK spectra without the additive, the
spectra of GInK samples with LBA also have characteristic
conformations of o-helix and B-sheet. The CD curves for
samples in nature and subjected to freezing cycles do not
significantly differ, practically overlapping each other. The
results obtained in this study show that the freeze—thaw
cycles did not influence the GInK secondary structure in
the presence of the LBA cryoprotectant.

Cryoprotectant effect of LBA in GInK and ATP
binding evaluated by ITC

The LBA cryoprotectant effects were also studied using the
ITC technique. The bindings between GInK added to LBA
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Fig. 4 UV CD spectrum of the cryoprotectant effect of the
10 mmol L™" lactobionic acid on the secondary structure of
0.5 mg mL~" GInK solutions. Black squares GInK with additive
not subjected to freeze—thaw cycles open circles GInK with additive
subjected to one freeze—thaw cycle, plus symbols GInK with additive
subjected to two freeze—thaw cycles. Through Tukey statistical test it
were not observed significant differences between the samples at 0.05
level
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Fig. 5 ITC curves of the cryoprotectant effect of 10 mmol L™
lactobionic acid in 0.1 mmol L™ GInK solutions subjected to freeze—
thaw cycles by the interactions between the protein and the
3 mmol L™" ATP. Black squares GInK not subjected to freeze—thaw
cycles, open circles GInK subjected to one freeze—thaw cycle, plus
symbols GInK subjected to two freeze—thaw cycles. Through Tukey
statistical test it were not observed significant differences between the
samples at 0.05 level

samples with ATP samples in different freezing conditions
are presented in Fig. 5.

LBA presented a cryoprotectant effect on GInK-ATP
binding after the freeze—thaw procedure. In contrast to
what occurred with no additive samples, protein samples
with LBA subjected to freezing cycles maintained their
initial characteristics. The binding heat values did not
change with the freezing exposure. This indicates that the
interaction mechanism of GInK-ATP remained unchanged.
In addition, the freezing cycles did not cause negative
effects that affected the protein binding with ATP, as there
were no observed changes in the system saturation. These
events support the CD analysis of the LBA cryoprotection
of the GInK protein.

Conclusion

The effects of the freeze—thaw process and LBA cryopro-
tectant activity on the GInK protein structure were evalu-
ated by the ITC and CD techniques.

The changes in the molar ellipticity values of the protein
samples subjected to freeze—thaw cycles were observed.
These changes were related to conformational changes in
the GInK protein caused by the freezing process. Addi-
tionally, the ITC technique showed changes in the GInK
and ATP bindings of samples exposed to freezing. Freezing
cycles modified the ITC curves for GInK-ATP interaction,
particularly for the enthalpy interaction values and the
saturation point. Therefore, it can be assumed that the
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freeze—thaw process causes changes in GInK interactions
and conformation.

Having confirmed the changes in the GInK protein
caused by the freezing process, the LBA cryoprotectant
activity was also evaluated. No significant differences
between GInK samples added from LBA subjected or not
to freezing cycles were found. These results show the
cryoprotectant effect of the additive in the conditions
studied using the CD technique. Similar results were
obtained by ITC analysis. ITC curves for GInK with LBA
interacting with ATP maintained the same characteristics
before and after the freeze—thaw procedure, reinforcing the
cryoprotective effect of the additive. It can be concluded
that the CD and ITC techniques are appropriate for eval-
uating the freezing effects and the presence of cryopro-
tectants in the studied system. The freezing cycles changed
the secondary structure of the GInK protein and its binding
with ATP, and the cryoprotectant effect of LBA was
observed using both techniques in the studied conditions.
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