Correlation between Molecular Flexibility and Emulsifying Properties of Soy Protein Isolate-Glucose Conjugates Based on pH Treatment
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Abstract
The research on the structure-function relationship between the molecular flexibility and emulsifying properties of soybean protein isolate (SPI) under Maillard reaction conditions is still very limited until now. This paper investigated the effects of different pH values (5.0, 6.0, 7.0, 8.0, 9.0) on the molecular flexibility, emulsifying activity and emulsion stability of Maillard reaction products between soybean protein isolate with glucose. As the pH increased, the degree of grafting and browning of soybean protein isolate-glucose (SPI-G) increased significantly. The results of secondary structure analysis showed that the α-helix content decreased, which further proved that the protein flexibility increased. Correlation analysis showed that there was a good correlation between molecular flexibility and emulsifying properties of SPI-G. The correlation coefficient between the molecular flexibility and emulsifying activity of SPI-G was 0.963 (P <0.01), and the correlation coefficient between the molecular flexibility and emulsion stability of SPI-G was 0.879 (P <0.05).
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1 Introduction
Soybean protein isolate (SPI) has been a research hotspot in protein science due to its good functional properties, nutritional value and potential health benefits and has been widely used in many fields of food (Nishinari, Fang, and Guo, 2014). SPI can be divided into four components of 2S, 7S, 11S and 15S. Among them, the content of 7S and 11S is relatively high, accounting for about 70% of the total content, which plays an important role in the nutritional value and functional characteristics of SPI. The research related to SPI mainly focuses on these two types of globulin (Molina et al., 2001).
The molecular flexibility of a protein can be defined as the relative motion of various domains in a protein or the rate of reorientation of amino acid residues in its polypeptide chain (Damodaran, 1997), which reflects the sensitivity of the protein structure to environmental changes (Tang, 2017). The sensitivity of globulin to protease digestion is closely related to the degree of protein denaturation. Protein denaturation largely reflects the conformational stability of proteins. Knowledge of protein structure-function relationships is critical to the application of proteins due to the high degree of consistency in protein structure changes and functional properties. But research in this area is still very scarce, especially in terms of the mechanisms that characterize their functional properties.
Although some researchers have pointed out the importance of protein flexibility, satisfactory results have not been obtained in studying the relationship between protein functional properties and flexibility. Our team has studied the effects of different temperature (Li, Wang, and Liu 2019) and time treatment (Li R, Cui Q, Wang G R, 2019) on soybean protein isolate-glucose (SPI-G) flexibility. The results demonstrated that the molecular flexibility of Maillard reaction products between soybean protein isolate with glucose was a good correlation with the emulsifying properties. But pH is the key factor affecting the Maillard reaction process, Therefore, it is necessary to study the relationship between the flexibility of SPI-G molecular and the structure and functional properties of protein treated with different pH conditions. Kato et al., (1985) used the sensitivity of different proteins to trypsin to characterize flexibility. It was found that foaming, emulsifying and protein flexibility had a good correlation, so protein flexibility was considered to be an important factor affecting emulsifying and foaming properties. Kato et al., (1986) reported that protease hydrolysis could be used to detect structural changes due to the flexibility of myosin, and the enzyme-probe method could be used to detect minor structural changes that were difficult or impossible to monitor by other physical methods. Ajandouz & Puigserver (1999) studied the effects of pH on Caramelization and Maillard reaction kinetics and found glucose was less susceptible to thermal degradation in the presence of amino acids, especially at pH 8.0 with threonine and at pH 10.0 with lysine. Meste, Colas, & Simatos (1999) altered protein flexibility by: a. chemical modification (Millard reaction) and b. pH change. The effect of flexibility on the foaming properties of casein was investigated. The relationship between flexibility and protein functionality was explained from different structural levels.
There is very limited information available on the structure-activity relationship between flexibility and functional properties of grafted proteins. Therefore, the Maillard reaction was used to modify the soybean protein isolate to explore the effect of different pH on the flexibility of SPI-G conjugates. The structural index of flexibility was introduced into the Maillard reaction process. The relationship between the flexibility and emulsifying activity and emulsion stability of Maillard reaction products was established and analyzed, which provided a theoretical basis for further study of the relationship between SPI structure and functional properties, in order to provide theoretical support for broadening the application range of soybean protein isolate.
2 Materials and methods

2.1 Materials

Defatted soybean flour was kindly provided by Harbin High Tech Co., Ltd. (Heilongjiang, China). Sodium dodecyl sulphate (SDS), trypsin (porcine pancreas) and glucose were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). All chemicals and reagents were of analytical grade.

2.2 Preparation of soybean protein isolate-glucose (SPI-G) conjugates
First, the SPI and glucose mixed dry powder was dissolved in a phosphate buffer solution (0.02 M, pH 7.0) in a ratio of 2:3 (w/w) to a protein content of 2%. The resulting mixture was then placed at room temperature (25 °C) for 4 h, a very small amount (2 mg) of sodium azide was added to prevent microbial contamination, and finally it was allowed to stand in a refrigerator (4 °C) overnight to ensure complete hydration. Subsequently, the pH of the reaction system solution was set to 5.0, 6.0, 7.0, 8.0, and 9.0, respectively, and the reaction time was 5 h, 90 °C. The prepared samples were dialyzed for 24 h at 4 °C to remove unreacted glucose. The SPI-G conjugates powders were collected by ultralow temperature freeze-drying and placed at -20 °C to analyze. Separate SPI solution was used as controls.
2.3 Determination of Maillard reaction
The degree of grafting (GD) is determined by reference to the method of Li, Wang, & Liu (2019) with some modifications. 4 mL of the prepared o-phtaldialdehyde (OPA) solution was thoroughly mixed with 200 μL of 0.4% sample solution and placed in a constant temperature water bath at 35 ° C for 2 min. At 340 nm, the absorbance is measured using a spectrophotometer (Shimadzu, Japan). The same volume of deionized water was used instead of the sample solution, and the solution obtained by repeating the above procedure was a control sample. The OPA reagent was prepared in accordance with the method of Li, Wang, & Liu (2019).
The calculation formula of GD is as follows:
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Where: A0 - the absorbance of the sample in which the Maillard reaction did not occur, and A1 - the absorbance of the sample after the Maillard reaction.

The sample after the Maillard reaction was dissolved in 0.1% SDS solution at a protein concentration of 2 mg/mL, and the SDS solution was used as a blank control. The absorbance of the diluted sample solution at 420 nm was expressed as browning degree.
2.4 Molecular flexibility
Referring to the method of Kato，Ibrahim，& Watanabe (1990) Mix 250 μL of 1 mg/mL (0.05 mol/L, pH 8.0 Tris-HCl buffer) trypsin solution with 4 mL of 1 mg/mL (diluted with deionized water) sample solution, then keep it in a water bath at 38 °C for 5 min. Immediately after the enzymatic hydrolysis, 4 mL of 5.0% trichloroacetic acid (TCA) was added to terminate the reaction. Subsequently, the reaction solution was centrifuged at 4000 r/min for 30 min, and the absorbance of the supernatant was measured with a spectrophotometer at a wavelength of 280 nm, and the absorbance A0 was used for flexibility.
2.5 Surface hydrophobicity (H0) determination
Sample solutions of different pH treatments were diluted to different concentrations (0.2, 0.1, 0.05, 0.025 and 0.0125 mg/mL) in 0.01 mol/L (pH 7.0) phosphate buffer. Then 20 μL of 8-anilinonaphthalene-1-sulfonate (ANS at 8 mmol/L, pH 7.0) was added to different concentrations of the sample, and placed in a dark environment for 15 min. The excitation intensity was set at 390 nm, the emission wavelength was 470 nm, and the slit width was 5 nm. The fluorescence intensity of the sample was measured under these conditions. Finally, the concentration of the protein solution was plotted on the abscissa and the fluorescence intensity was plotted on the ordinate. The slope obtained indicates the hydrophobicity of the protein surface.
2.6 Endogenous fluorescence spectrometry
Refer to the method of Liu，Zhao，& Zhao (2012) and modify it slightly. The sample was diluted with 0.01 mol/L (pH 7.0) phosphate buffer to a protein concentration of 0.2 mg/mL. The excitation wavelength was set at 290 nm, the slit width was 5.0 nm, and the voltage was 700 mV. The spectrum of the emission wavelength range of 300-450 nm was scanned with a fluorescence spectrophotometer.
2.7 Particle size analysis
The samples diluted with deionized water to a protein concentration of 1 mg/mL, and the particle size of the sample was measured immediately using a particle size distribution apparatus (Brookhaven Instruments Co., USA.) (Li R, Cui Q, Wang G R, 2019).
2.8 Fourier transform infrared spectroscopy (FT-IR)
The freeze-dried samples were mixed with potassium bromide at a mass ratio of 1:100, ground into a fine powder with a mortar for tableting, and then subjected to an 8400S FTIR Fourier transform infrared spectrometer. A full-band scan is performed at 400~4000 cm-1 (Li R, Cui Q, Wang G R, 2019).
2.9 Determination of emulsifying properties
The sample was diluted with phosphate buffer (0.2 mol/L, pH 7.0) to a protein concentration of 2 mg/mL (w/v). Soy oil and diluted sample solution were mixed at a volume ratio of 1:3, and the mixture was homogenized at 10000 rpm/min for 1 min with a high-speed homogenizer (Ultra Turrax T25 digital, IKA, Germany). Subsequently, 50 μL of the newly prepared emulsion from its bottom was quickly aspirated to 5 mL of a 0.1% SDS solution and mixed it by vortexing. The absorbance was measured at 500 nm at 0 min and 10 min. The emulsification activity index (EA/m2g-1) and emulsification stability index (ES/min) were calculated as follows:
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Where: A0 - the absorbance of the sample at 0 min; A10 - the absorbance of the sample at 10 min. N is the dilution factor of 100. T is the constant 2.303. L is the light path of the colorimetric cell 1 cm. φ is the oil phase volume fraction (0.25). C is the protein concentration before the emulsion is formed.
2.10 Statistical analysis
All experiments were performed in parallel for three times at least and the data were expressed as mean ± standard deviation (SD). Statistical and analysis of variance (ANOVA) were performed on the test data using SPSS 20 (IBM, New York, USA), and Pearson correlation test was performed to assess the correlation. Drawing used the Origin 2017 software (Origin Lab Corporation, Northampton, USA). The Peakfit 4.12 software was used to analyze and calculate the percentage of the four secondary structures of the protein. The different letters in the following chart indicated significant differences (P < 0.05), and the same letters indicated no significant difference (P > 0.05).
3 Results and discussion

3.1 The degree of the Maillard reaction
Many factors such as carbonyl/amino ratio, time, pH, temperature and water activity can affect the formation rate and properties of Maillard reaction products. It is reported that pH is a key factor affecting the Maillard reaction process (Lin, Chen, and Liu, 2012). Bell et al. (1997) pointed out that phosphate could catalyze the Maillard reaction of amino acids. Rizzi, (2004) also suggested that the presence of phosphate increased the ability of the Maillard reaction intermediate Amadori compound to be seized.
Fig. 1 showed the effect of different pH values on the degree of reaction. As can be seen from the figure, GD increased significantly with increasing pH (P < 0.05). When the pH was increased to 8.0 and 9.0, the GD was 36.86±0.48% and 37.11±0.33%, respectively, but there was no significant difference between them (P>0.05), indicating that the Maillard reaction was more likely to occur under alkaline conditions. The degree of browning showed a significant increase in the whole reaction process (P<0.05). Renn, & Sathe (1997) reported that the browning rate of the leucine-glucose reaction-generated graft was positively correlated with the pH of the initial reaction system. Furthermore, Wolfrom, Kolb, & Langer (1953) had shown that the browning rate between D-xylose and alanine or glycine was greatest at pH 6.5-8.5 and 100 °C. Ashoor, & Zent (1984) showed that the optimal browning degree of the Maillard reaction occurred between pH 6.0-10.0. Studies have shown that the formation of the final graft of the Maillard reaction also depends on the acid-base environment. When the pH of the reaction system is increased from 4.0 to 8.0, the protonated ε-amino group of the lysine residue is converted to an active electrophile, which will help to form more grafts (Kato, 2002). However, Lertittikul et al. (2007) reported that higher pH (pH > 8.0) might contribute to the conversion of Amadori compounds to the advanced stage Maillard end product, resulting in poor function of oat protein isolate.
3.2 Flexibility analysis
Flexibility is one of the important structural factors that determine the surface functional properties of proteins. It essentially reflects the kinetics of protein conformation when the external environment changes. Functional properties such as emulsifying properties, foaming properties, solubility, etc. are all related to the kinetics of protein conformation (Li, Wang, and Liu 2019).
Fig. 2A showed the effect of different pH on the flexibility of SPI and SPI-G conjugates. It could be seen that the flexibility of SPI and SPI-G conjugates increased significantly with the increase of pH (P<0.05). When the pH increased to 9.0, the flexibility reached the maximum, 0.75±0.01, 0.86±0.02, respectively. The increase could significantly improve its functional properties, which might be due to the fact that pH treatment could effectively destroy the natural rigid structure of SPI molecules, resulting in an increase in flexibility, and the flexible protein molecules made the structure rearrangement and adsorption easier (Song, Damodaran 1987).
3.3 Surface hydrophobicity analysis
The hydrophobic interaction in the SPI molecule is the main force for maintaining its tertiary structure, and it plays a key role in the stability of the protein structure. The Maillard reaction is primarily the attachment of a saccharide residue to the ε-amino group of a lysine residue in a protein, usually resulting in an increase in the net negative charge and hydroxyl groups on the surface of the protein. Therefore, the surface hydrophilicity/hydrophobic balance will change during the Maillard reaction, which greatly affects the surface functional properties (Tang C H, Sun X, and Foegeding 2011).
Fig. 2B showed the effect of different pH on the surface hydrophobicity of SPI and SPI-G conjugates. Studies have shown that the reason for the increase in flexibility may be due to the fact that different pH treatments can stretch the structure of the SPI protein, and the protein cannot completely recover the original natural state, thereby exposing a part of the hydrophobic group inside the molecule, thus leading to an increase in surface hydrophobicity. With the increase of pH, the surface hydrophobicity of SPI-G conjugates showed a significant increase compared with SPI (P<0.05), indicating that Maillard reaction could unfold SPI structure. The tryptophan group encapsulated inside the protein structure was exposed, thereby increasing its surface hydrophobicity (Stanciuc et al. 2015). Tolstoguzov (2003) studies had shown that partial elimination of protein charge in the protein-polysaccharide binding site caused an increase in its hydrophobicity and flexibility. Some scholars had also found that when the pH and temperature were within a certain range, the two had the same effect on the hydrophobicity of soybean protein. That is to say, when the reaction temperature of the system increases, the surface hydrophobicity increases; when the pH value increases, the surface hydrophobicity also increases (Wang, Xia, and Yang 2012).
3.4 Endogenous fluorescence spectroscopy
Endogenous fluorescence spectroscopy was used to assess conformational changes around the tryptophan (Trp) residue and to characterize the tertiary structure of the protein (Matiacevich 2015). When the Trp chromophore is more exposed to the reaction solvent, the maximum absorption wavelength (λm) of the protein will be red-shifted; when the protein is polymerized, its Trp chromophore will be embedded, and λm will be blue-shifted (Tang et al., 2011). Fig. 3 is the fluorescence spectrum of SPI-G conjugates at different pH values. As can be seen, the fluorescence intensity of the SPI-G conjugates showed a significant decrease compared with the SPI of different pH.
The maximum absorption wavelength (λmax) of untreated SPI samples were 359.6, 360.4, 361, 361.4, and 362 nm, respectively, and the maximum absorption wavelengths of SPI-G conjugates were 363.6, 366, 367.4, 368.2 and 371 nm, respectively. During the whole reaction, the pH change of the system caused a slight red shift in λmax. Studies had shown that when the protein underwent subunit dissociation, the maximum absorption wavelength of the endogenous fluorescence scan shifted toward the long wavelength (red shift). This was consistent with the results of this experiment, indicating that the soybean protein isolate structure had changed during the Maillard reaction, resulting in the internal fluorescent chromophore group gradually exposed to the reaction system, and the environmental state had changed.
3.5 Particle size analysis
It could be seen from Fig. 4 that the average particle size D [4,3] of the SPI-G conjugates showed a significant decrease with the increase of pH (P<0.05). It is speculated that the possible reason is that when the pH tends to be alkaline, the structural change of the protein is more thorough, and the easier the Maillard reaction was carried out, thereby causing more proteins to covalently bind to glucose. Pirestani, Nasirpour, & Keramat (2017) showed that regardless of the pH, the Maillard reaction of the rapeseed isolate protein could significantly increase the emulsifying properties of the protein. The SPI particle size was the maximum at pH 5.0, indicating that it was close to a single point such as SPI at pH 5.0, and aggregation occurred between molecules, resulting in formation of larger aggregates. Similar results were obtained by Liang, & Tang (2013). They reported that D4,3 was the largest near the isoelectric point, and D4,3 gradually decreased as the pH moved away from the isoelectric point. Under the condition of pH 9.0, the decrease of SPI protein particle size, the decrease of protein molecular weight and particle size, and the exposure of internal hydrophobic groups directly led to interface properties change an increase in emulsifying properties and emulsion stability, which might be one of the reasons for the increase of SPI flexibility.
3.6 Fourier infrared spectroscopy
FT-IR spectroscopy is an effective method for studying protein-carbohydrate reaction systems and can analyze changes in protein secondary structure (Nakamura et al., 1992). During the Maillard reaction, the During the Maillard reaction, the saccharide molecule and the protein molecule are covalently bonded, and the main expression is that the number of hydroxyl groups increases, and there is a wide stretching vibration peak at 3700-3000 cm-1 on the infrared spectrum molecule and the protein molecule are covalently bonded, and the main expression is that the number of hydroxyl groups increases, and there is a wide stretching vibration peak at 3700-3000 cm-1 on the infrared spectrum. Fig. 4 is a FT-IR spectrum of SPI, SPI-G conjugates at different pH conditions. It could be seen from the Fig. 4 that a broad peak appears in the wavenumber range of 3500~3000 cm-1, which might be related to the stretching vibration of glucose free-OH. As the degree of Maillard reaction increases, more and more -OH is introduced into the protein peptide chain, resulting in an increase in the absorption peak. The results of this experiment indicate that soybean protein is covalently bound to glucose. On the other hand, the FT-IR spectrum showed characteristic bands at 1015 cm-1 and 1409 cm-1, which were mainly related to CO and CN stretching vibrations. The adsorption in this region was very strong, indicating that glucose adhered to soybean protein (Li, Zhao, and He 2016). As can be seen from Table. 1, the Maillard reaction changes the percentage of structure at each level in the protein secondary structure.

As the pH increased, the secondary structure of SPI-G conjugates changed significantly, with α-helix and β-turn content decreasing, and β-sheet and random curl content increasing significantly. The results show that when the Maillard reaction carried out under different pH conditions, the spatial structure of SPI gradually changes, its structure changes from ordered state to disordered state, and the flexibility increases, thereby improving the surface functional properties of soybean protein. Xiang, Sun, & Cui (2018) showed that the lower α-helix content of the protein usually contains higher surface hydrophobicity, and the β-sheet or random coil content is positively correlated with surface hydrophobicity. The reason is that for proteins with a looser molecular structure (low alpha-helix content and high random coil content), hydrophobic sites are exposed in large quantities.
3.7 Emulsifying properties

As can be seen from Fig. 5, when the pH was increased from 5.0 to 9.0, the emulsifying activity (EA) of the SPI-G conjugates showed a significant increase (P < 0.05), and the maximum values were 0.77 ± 0.01 and 0.87 ± 0.02, respectively. As can be seen from Fig. 5, as the GD increases, the EA value of the conjugates increases greatly. Combined with other structural indicators, the Maillard reaction changes the spatial structure of SPI, the protein structure is unfolded, the particles are reduced, and the surface activity of Maillard reaction products is improved. The looser surface structure facilitates the strong adsorption of the conjugates to the oil-water interface, and the change in interface properties results in improved emulsifying properties of the protein. As can be seen from Fig. 5, the emulsion stability (ES) of SPI-G conjugates was significantly increased (P < 0.05) compared with that of SPI. The ES of the SPI-G conjugates at pH 9.0 was slightly lower than 8.0, but there was no significant difference between them (P>0.05), which was consistent with the change trend of GD. This result indicates that when the Maillard reaction proceeds to a certain extent, the hydrophilic/hydrophobicity of the reaction system is seriously unbalanced, and the interfacial activity is gradually lowered, resulting in a decrease in emulsion stability. Li, Zhao, & He (2016) showed that the adhesion of a large amount of hydrophilic glucose enhanced the emulsifying activity of soybean peptide, but due to the small molecular weight and small steric hindrance, the emulsion stability was reduced. Qu, Zhang, & Han (2018) showed that under neutral and alkaline conditions (7.0 < pH < 10.0), ES increased with increasing GD. Li, Huang, & Peng (2014) reported that the Maillard reaction between peanut protein isolate and polysaccharide could significantly improve the emulsifying activity and emulsion stability of peanut protein isolate, and was related to enhanced solubility. Glycosylation-modified molecules with higher flexibility may be more susceptible to structural rearrangement of grafts during adsorption than surface activity of proteins or saccharide, and provide steric hindrance. Thus, the Maillard reaction could significantly improve the emulsifying properties of the protein.
3.8 Correlation analysis
The relationship between protein structure and emulsifying activity depends on various factors such as molecular flexibility, molecular size, surface hydrophobicity, net charge and amino acid composition (Rao et al. 2011). The flexibility measured by protease digestion plays an important role in determining the functional properties of proteins such as emulsifying properties and emulsion stability. Improvements in the functional properties of proteins were directly related to structural changes in proteins.
Fig. 6 showed the correlation between emulsifying properties and flexibility. Emulsifying activity (EA), emulsion stability (ES) and protein flexibility were significantly correlated, and the correlation coefficients were 0.963 (P<0.01) and 0.879 (P<0.05), respectively (Table. 2), indicating that flexibility improves protein emulsifying properties during Maillard reaction. Kato, Osako, & Matsudomi (1983) were keen on studying the relationship between surface hydrophobicity and emulsifying properties, and found that they had good correlation through experiments. Tang (2017). showed that the increase in protein flexibility led to an increase in the stability of glycinin or soybean protein emulsion. At the same time, Meste, Colas, & Simatos, (1990) believed that glycosylation-modified molecules with higher flexibility may be more likely to undergo structural rearrangement during adsorption, thereby improving the functional properties of the protein. Nakai, & Modler (1996) pointed out that protein flexibility plays a more important role in determining the emulsifying properties of soybean protein than surface hydrophobicity.
4 Summary and conclusion
The effects of different pH (5.0, 6.0, 7.0, 8.0, 9.0) on the emulsifying properties of Maillard reaction products between soybean protein isolate with glucose. GD increased significantly with increasing pH, indicating that alkaline conditions favored the reaction. Under different reaction conditions, the trend of molecular flexibility and surface hydrophobicity is the same. The average particle size became smaller as the pH increased. The endogenous fluorescence spectrum showed a red shift, indicating that the structure gradually became loose. The percentage of each secondary structure showed a decrease in the α-helix content and an increase in the random curl content, further demonstrating an increase in protein molecular flexibility and an improvement in emulsifying properties. In this paper, the sensitivity of trypsin to protein characterization was used to monitor the protein molecular flexibility under different Maillard reaction conditions. The concept of molecular flexibility was introduced into the Maillard reaction, which will provide new ideas and theoretical basis for improving the emulsifying properties of soybean protein.
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