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Abstract

:

Pectin methylesterase (PME) is a methyl ester group hydrolytic enzyme of either plant or microbial origin. Importantly, endogenous PMEs in fruits can catalyze the demethoxylation of pectin with a bulk release of methanol, largely impacting the fruit juice and wine industries. Here, we demonstrated radio frequency (RF) heating for inactivation of endogenous PMEs and investigated the relevant mechanisms underpinning enzymatic inactivation. The RF heating curve indicated that the optimal heating rate was achieved at an electrode gap of 90 mm (compared to 100 mm and 110 mm) and that the inactivation rate of the enzyme increases with heating time. RF heating exhibited better effects on enzymatic inactivation than traditional water heating, mainly by changing the secondary structures of PMEs, including α-helix, β-sheet, β-turn, and random coil. Moreover, fluorescence spectroscopy indicated changes in the tertiary structure with a significant increase in fluorescence intensity. Significantly, application of RF heating for inactivation of PMEs resulted in a 1.5-fold decrease in methanol during the fermentation of jujube wine. Collectively, our findings demonstrated an effective approach for inactivating endogenous PMEs during the bioprocesses of fruits.
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1. Introduction


Pectin methylesterase (PME, E.C. 3.1.1.11) belongs to class 8 of the carbohydrate esterase and catalyzes the specific hydrolysis of the methyl ester bond of pectin, which is one of the main components of the cell wall of plants [1]. This hydrolysis can alter the degree and pattern of methyl esterification and release a bulk of methanol [2]. PMEs are widely distributed in different plant tissues, such as roots, stems, leaves, and fruits [1,3]. Such endogenous PMEs play an important role in the growth and development of plants by regulating a variety of physiological or biochemical processes, including the synthesis or degradation of cell walls, cell-free pollen development, seed gemination, root extension, fruit softening, and disease resistance [1]. However, endogenous PMEs are usually undesirable enzymes in the fruit juice and wine industries because of the release of methanol during the hydrolysis of pectin. In the fermentation of fruit wines, excessive production of methanol can affect the product flavor and even cause food safety concerns. Thus, inactivating endogenous PMEs is crucial in the bioprocesses of fruit wines.



The activity of endogenous enzymes in fruits and vegetables can be inhibited through both chemical and physical approaches [1,4]. For example, some chemical inhibitors, such as sulfites, ascorbic acid, and amino acids, have exhibited highly efficient inhibition of enzymatic activity of vegetables [1,5]. However, physical blanching, which inactivates enzymes by heating, is more cost-effective, healthier, and safer than chemical approaches, especially when used for processing of fruits and vegetables in food industries. One of the most traditional physical approaches is blanching with hot water. Although this approach can effectively inactivate enzymes, it usually alters the color and texture of fruits and vegetables [6], which decreases the value of products according to the preferences of consumers. Moreover, some soluble components might be lost in hot water, resulting in loss of substantial nutrients and discharge of a large amount of waste water [7].



Radio frequency (RF) heating is an innovative blanching technique relative to traditional techniques based on electro-technologies, such as ohmic heating, radiative or microwave dielectric heating, magnetic heating, and inductive heating [8]. Unlike traditional systems that transfer heat energy from a hot medium to a cooler product with large temperature gradients, RF heating enables electromagnetic energy to transfer into the product directly, initiating uniform volumetric heating through molecule–molecule frictional interactions [9]. Thus, RF heating is a promising technology for food processing because of its ability to rapidly and uniformly distribute heat, its deep-penetration capability, and reduced consumption of energy [10]. Recently, RF heating has been successfully applied for inactivation of enzymes with reduced loss of nutrients (e. g., vitamins B and C) and lower cost than traditional methods [11,12]. For example, RF heating has been observed to effectively inactivate lipoxygenase and peroxidase of green pea (Pisum sativum L.) [13]. Using RF heating, peroxidase was significantly inactivated in stem lettuce, resulting in better physiochemical properties and less cell damage than the traditional hot water blanching [11]. However, current research on its application for inactivation of PMEs in fruits and vegetables is rather limited.



In this study, we attempted to employ RF heating for inactivation of PMEs during the fermentation of red jujube wine and compared its effects with the those of traditional hot water heating. To further elucidate the relevant inactivation mechanisms, both secondary and tertiary structures of PME were investigated through circular dichroism spectroscopy and fluorescence spectroscopy analyses, respectively. Finally, the release of methanol was evaluated during the fermentation of red jujube wine in order to test the probability of application of RF heating in the fruit wine industry.




2. Methods and Materials


2.1. Raw Materials and Sample Preparation


Citrus pectin and PME were purchased from Sigma-Aldrich (St. Louis, MO, USA) and ABF Ingredients (Darmstadt, Germany), respectively. All chemical reagents used in this study, including NaCl and NaOH, were supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The PME solution was prepared by adding 0.5 g PME powder to 100 mL of deionized water. The fully mature and undamaged jujube (Zizyphus jujuba Mill.) used for wine fermentation was supplied by TIANKUNGUOYE Co., Ltd., Xinjiang, China. Saccharomyces cerevisiae BV818 was used for the fermentation of red jujube wine. We strictly followed the method used in our previous study [14] for jujube wine fermentation.




2.2. RF Heating Treatment


A GJG-2.1-10AJY RF system with a free running frequency of 27.12 MHz and a maximum power of 6 kW was employed in this study. To achieve real-time monitoring of the center temperature of samples, the RF system was equipped with a fluorescence fiber optic sensor. Three electrode gaps (90 mm, 100 mm, and 110 mm) were investigated and their effects on the uniformity and heating rate of RF treatment we evaluated in order to determine the optimal gap. Specifically, 20 mL of the PME solution was transferred into a 50 mL centrifuge tube located at the center of the bottom electrode plate. Before reaching the maximum of ~90 °C, the RF heating temperature was recorded at an interval of 20 s to evaluate the uniformity and heating rate. The system was turned off once the sample temperature reached the given temperatures, and the heated samples were cooled shortly in ice water until they reached room temperature.



To evaluate the effects of RF heating on PME activity, 20 mL of the PME solution in a 50 mL tube was treated at the optimal electrode gap of 90 mm for 0 s, 20 s, 40 s, 60 s, 80 s, 100 s, 120 s, and 140 s. After treatment, samples were rapidly cooled in ice water until they reached room temperature for measurement of enzymatic activity. For water heating, the same sample system was heated in a water bath at a temperature of 90 °C. Once the center temperature of the samples reached 90 °C, the samples were kept in a water bath for 0 s, 20 s, 40 s, 60 s, 80 s, 100 s, 120 s, and 140 s. After heating for the given time, samples were immediately cooled in ice water until they reached room temperature for enzymatic activity measurement. Additionally, the red jujube used for the fermentation experiment was subject to the same RF treatment until the temperature reached 90 °C. Untreated red jujube was used as the control.




2.3. PME Activity Assay


PME activity was measured with reference to the method of Downie et al. [15], with some modifications. Briefly, 20 mL of 1% pectin-salt substrate (containing 0.1 mol/L NaCl) was incubated at 30 °C in a water bath, and the pH of the substrate solution was quickly adjusted to 7.5 using 1 mol/L NaOH or 0.05 mol/L NaOH. Then, 0.5 mL of PME solution was mixed with the substrate solution at 30 °C, and the pH of the reaction system was rapidly readjusted to 7.5 with 0.05 mol/L NaOH. After the pH reached 7.5, 10 μL of 0.05 mol/L NaOH was added. Time was measured until the pH of the solution reached 7.5. Calculations of PME activity unit (PMEU) and the relative PME activity (%) were performed as followed:


   PMEU   ( mmol / mL · min   ) =   0.01    mL    × 0.05    mmol  /  mL   NaOH    0.5    mL   PME   solution    ×    time     (  min  )      



(1)






   R A    ( % ) =     PMEU  1      PMEU  0    × 100 %  



(2)




where RA represents the relative enzymatic activity, PMEU1 is the activity of treated PME solution, and PMEU0 is the initial activity of untreated PME.




2.4. Spectroscopy Analyses of PME


Circular dichroism (CD) spectroscopy analysis of PME was performed with reference to protocol described by Liu et al. [16]. Specifically, CD spectra were scanned at the far UV range from 190 nm to 250 nm at a scanning speed of 5 nm/s at room temperature and recorded on Bio-Logic MOS-450 CD spectropolarimeter (Bio-Logic, Seyssinet-Pariset, France), where samples were contained in a quartz cuvette of 0.1 cm optical path length. The band width was set as 1.0 nm. The CD data were expressed in terms of the mean residual ellipticity (θ) in mdeg. The concentration of PME for the CD analysis was 5 mg/mL. The contents of secondary structures of PME were calculated according to the SELCON3 algorithms. The curves were generated with the Origin 9.0 (Original Corporation, Northampton, MA, USA) following a fast Fourier transform noise reduction routine to reduce impacts of most noisy spectra without distorting their peak shapes.



Fluorescence spectroscopy was used to analyze the tertiary structures of PME with reference to the method described by Liao et al. [17], with some modifications. Briefly, fluorescence spectra were detected in a HITACHI F-4500 spectrofluorometer (HITACHI, Tokyo, Japan), using a quartz cuvette of 1 cm optical path length at room temperature (25 ± 1 °C). All the samples were observed immediately after treatment. The concentration of PME solutions was 1 mg/mL. The PME solutions were excited at the maximum wavelength of excitation (λex = 278 nm), and the emission spectra were recorded from 290 to 490 nm with a scanning speed of 100 nm/min. The gap between excitation and emission was set as 5 nm.




2.5. Determination of Methanol


Contents of methanol in the samples of fermentation broth were determined through gas chromatography (GC), with reference to the method described by Qin et al. [18], with some modifications. Briefly, the assay was carried out in a 7890B GC system (Agilent Technologies, Palo Alto, CA, USA) equipped with a DB-Wax column (30 m × 250 μm × 0.25 μm, Agilent 122-7032) with an injection volume of 1 μL at an injection speed of 30.0 mL/min and a spilt ratio of 20:1. The initial temperature of the column was maintained at 40 °C for 2 min, increased to 80 °C at a rate of 5 °C/min, further increased to 200 °C at a rate of 20 °C/min, and finally maintained at 200 °C for 5 min. The carrier gas was nitrogen (N2) at a constant flow rate of 0.5 mL/min. The temperatures of inlet and FID were 220 °C and 230 °C, respectively.




2.6. Data Analysis and Statistics


Every experiment or test in this study was performed in triplicate. All results were reported as means ± standard deviations (SD). Data obtained from different treatments were analyzed and compared by ANOVA and Tukey test at a significance level of 95% using SPSS Statistics 20 (the IBM Corporation, Armonk, NY, USA). Statistical images were generated and exported by Origin 9.0 (OriginLab Corporation, Northampton, MA, USA).





3. Results and Discussion


3.1. RF Heating Curve


The heating uniformity and rate considerably affected the inactivation efficiency of enzymes, as well as the physiochemical properties of products in food processing. However, RF heating uniformity is principally determined by dielectric properties, especially the sample position between the electrodes. Thus, the effects of three electrode gaps on the heating uniformity were investigated (Figure 1).



With an electrode gap of 90 nm, the temperature of the PME solution reached 90 °C within 160 s. In contrast, the heating rate was lower when the electrode gap was set as 100 nm (220 s for 90 °C) or 110 nm (260 s for 90 °C). For all three electrode gaps, the RF heating rates of the PME solution slowed considerably after reaching 90 °C, which could be attributed to thermal losses, together with the evaporation of moisture at higher temperatures [19]. Moreover, the overall heating rate decreased with increased electrode gap, with the best heating uniformity and rate with a gap of 90 nm. This pattern is consistent with results reported in previous studies [12,19,20]. Importantly, some observations revealed that different RF heating rates significantly affected the colors and textures of potatoes when blanched at the same temperature [12,20]. Considering the effects of RF heating rates on inactivation efficiency [11], an electrode gap of 90 nm was selected for PME inactivation.




3.2. Effects of RF Heating on PME Activity


To further confirm the inactivation efficiency of RF, traditional water heating was introduced. Both treatments indicated that relative activity decreased with prolonged heating time (Figure 2). However, the two treatments exhibited different patterns of inactivation efficiency. After RF heating for 140 s, the temperature of the PME solution rapidly increased from 18 °C to 90 °C, and the activity of the PME was fully inactivated. During this process, the relative activity almost did not change within the first 60 s of RF heating, whereas it dropped sharply afterwards when the temperature reached 60 °C. In contrast, the relative activity of the PME solution only decreased to 20.75% after water heating for 140 s at 90 °C, but this decrease was very dramatic in the initial phase and significantly slowed down after 20 s. This might be attributed to the unique composition of PME, which includes both thermolabile and thermostable fractions, where the former is easily inhibited at lower temperatures, but the latter could only be inactivated at higher temperatures [21]. It was also observed in a previous study that the minimum residual activity of PME reached 18% with conventional heating at 90 °C for 270 s, which indicates that PME is a thermally resistant enzyme [22]. Another reseaon might be that the components of the medium, such as sugars and salts, can stabilize the enzymatic structure and thus minimize the effect of exposure to heat [23].



The PME samples exhibited the same relative activity (~30%) under the two treatments at 90 s. However, the activity of the PME sample treated with RF was fully inactivated when the temperature reached 90 °C at 140 s, whereas that of the PME sample heated in water bath was still 23.92% at the same time and temperature, indicating that RF heating is more efficient than water heating. The high-efficiency inactivation of RF heating can also avoid a reduction in product quality (e.g., loss of some vitamins, acceptable food color, and texture) caused by high-temperature treatment for a long period of time [12,21]. Importantly, RF heating achieved full inactivation of PME activity, which is preferable to treatment with pulsed electric fields, which inactivated 90% of PME activity in orange juice [24].




3.3. Mechanisms of RF Heating Inactivation of PME


It is well known that the functions and properties of enzymes are determined by their structures. Any alteration of conformation could lead to a change in enzymatic activity. To elucidate the mechanisms of RF heating inactivation, we examined the secondary structures of PME through CD spectroscopy. As shown in Figure 3a, the CD spectra of the PME solution had a negative absorption peak at 216 nm, which is a typical characteristic of β-type proteins [25]. The composition of the secondary structures of PME is listed in Table 1. The untreated PME (i.e., the control) was composed of 32.20% α-helix, 20.20% β-sheet, 20.90% β-turn, and 29.9% random coil. However, the percentages of β-turn and β-sheet reduced with RF heating time, and the content of α-helix remained constant, whereas that of random coil increased. Some observations have indicated that PME has a parallel β-helix architecture [26]. The decrease in β-turn and β-sheet contents could imply a conformation change in secondary structure. This could be because RF heating induces unfolding of the protein, leading to breaking of the hydrogen bond of β-helices and the transformation to α-helix or random coil, eventually leading to exposure of the hydrophobic group and further inactivation of the enzyme. Several studies support this assumption. For example, an investigation on effects of RF heating treatment on structural changes of soy protein revealed self-reassembly from random coil structure to β-sheet structure, indicating significant changes in the secondary structure [27]. Furthermore, the secondary structure of protein isolates in rice bran after RF treatment also changed with an increase in random coil and a decrease in β-sheet, α-helix, and β-turn [28].



Furthermore, change in the fluorescence intensity of tryptophan is highly correlated to the tertiary structure of protein; thus, a change in fluorescence intensity can reflect a conformation alteration [29]. To confirm the above inferences, we further investigated the tertiary structure of PME through fluorescence spectroscopy (Figure 3b). Generally, the fluorescence spectra of PME exhibited almost change when the RF heating time was less than 100 s, indicating a stable tertiary structure. However, the fluorescence intensity significantly increased with prolonged heating time, and the maximum absorption wavelength increased from 346 nm to 354 nm, indicating that the tryptophan of the PME was exposed from the non-polar environment to the external polar environment. This implies that RF heating might alter the tertiary structure and polarity of PME. Further confirmation could verify this implication by determining the protein structure.




3.4. Effects of RF Heating on the Release of Methanol during Fermentation


The methanol levels in fruit wines are mainly attributed to the specific raw materials and strictly subjected to legal limits; thus, source and quality control are extremely important for the wine industry [30]. To evaluate the efficiency of inactivation of endogenous PME during the fermentation process, the methanol levels of the red jujube wine were determined (Figure 4).



As a result, the methanol content (90.33 mg/L) in wine fermented with RF-treated jujube was reduced by 1.5-fold compared to the control (223.41 mg/L). Collectively, these findings revealed that treatment of red jujube with RF heating could significantly reduce the release of methanol during the fermentation process by inactivating endogenous PME of the raw materials [31]. This provides direct evidence of the application potential of RF heating in the fruit wine industry.





4. Conclusions


In the present study, we successfully demonstrated radio frequency (RF) heating for inactivation of endogenous PMEs and explored the relevant mechanisms underpinning the inactivation. The optimal heating rate was achieved at an electrode gap of 90 mm, and the inactivation rate of the enzyme was found to increase with prolonged heating time. Compared to traditional water heating, RF heating is more efficient for enzymatic inactivation. The mechanisms of inactivation could be involved in altering the secondary and tertiary structures of PME. Moreover, RF heating can significantly reduce the release of methanol in the fermentation of jujube wine. Collectively, our findings prove that RF heating is an effective approach for inactivating endogenous PMEs during the bioprocesses of fruits.







Author Contributions


Conceptualization, Y.Z. (Yan Zhao) and X.L.; methodology, Y.Z. (Yan Zhao) and W.Z.; software, Y.Z., G.L. (Gen Li), Y.L., F.H. and G.L. (Guangpeng Liu); validation, Y.Z. (Yan Zhao) and W.Z.; formal analysis, Y.Z. (Yan Zhao); investigation, Y.Z. (Ying Zhang), G.L. (Gen Li), L.C., Y.M. (Yanrui Ma) and Y.M. (Yinfei Ma); resources, Y.Z. (Yan Zhao); data curation, Y.Z. (Yan Zhao); writing—original draft preparation, Y.Z. (Yan Zhao); writing—review and editing, Y.Z. (Yan Zhao), X.Y. and X.L.; supervision, X.Y. and X.L.; project administration, Y.Z. (Yan Zhao) and X.Y.; funding acquisition, Y.Z. (Yan Zhao) and X.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National First-Class Discipline Program of Light Industry Technology and Engineering (LITE2018-11) and the Major Scientific and the following Technological Innovation Projects in Shandong Province: The integration and Innovation on Comprehensive Utilization Technology of Straw and By-products of Ginger and Garlic (2021TZXD001-05).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jolie, R.P.; Duvetter, T.; Van Loey, A.M.; Hendrickx, M.E. Pectin methylesterase and its proteinaceous inhibitor: A review. Carbohydr. Res. 2010, 345, 2583–2595. [Google Scholar] [CrossRef] [PubMed]

	



Takeya, T.; Yurimoto, H.; Sakai, Y. A Pichia pastoris single-cell biosensor for detection of enzymatically produced methanol. Appl. Microbiol. Biotechnol. 2018, 102, 7017–7027. [Google Scholar] [CrossRef] [PubMed]

	



Prabhudev, H.; Sneharani, A.H. Extraction and characterization of pectin methylesterase from muskmelon biowaste for pectin remodeling. J. Food Biochem. 2020, 44, e13237. [Google Scholar] [CrossRef] [PubMed]

	



Liao, C.; Liu, X.; Gao, A.; Zhao, A.; Hu, J.; Li, B. Maintaining postharvest qualities of three leaf vegetables to enhance their shelf lives by multiple ultraviolet-C treatment. LWT 2016, 73, 1–5. [Google Scholar] [CrossRef]

	



Moon, K.M.; Kwon, E.-B.; Lee, B.; Kim, C.Y. Recent Trends in Controlling the Enzymatic Browning of Fruit and Vegetable Products. Molecules 2020, 25, 2754. [Google Scholar] [CrossRef]

	



Kim, A.-N.; Lee, K.Y.; Rahman, M.S.; Kim, H.-J.; Chun, J.; Heo, H.J.; Kerr, W.L.; Choi, S.-G. Effect of water blanching on phenolic compounds, antioxidant activities, enzyme inactivation, microbial reduction, and surface structure of samnamul (Aruncus dioicus var kamtschaticus). Int. J. Food Sci. Tech. 2020, 55, 1754–1762. [Google Scholar] [CrossRef]

	



Xiao, H.-W.; Pan, Z.; Deng, L.-Z.; El-Mashad, H.M.; Yang, X.-H.; Mujumdar, A.S.; Gao, Z.-J.; Zhang, Q. Recent developments and trends in thermal blanching—A comprehensive review. Inf. Processing Agric. 2017, 4, 101–127. [Google Scholar] [CrossRef]

	



Piyasena, P.; Dussault, C.; Koutchma, T.; Ramaswamy, H.S.; Awuah, G.B. Radio Frequency Heating of Foods: Principles, Applications and Related Properties—A Review. Crit. Rev. Food Sci. Nutr. 2003, 43, 587–606. [Google Scholar] [CrossRef]

	



Ling, B.; Cheng, T.; Wang, S. Recent developments in applications of radio frequency heating for improving safety and quality of food grains and their products: A review. Crit. Rev. Food Sci. Nutr. 2020, 60, 2622–2642. [Google Scholar] [CrossRef]

	



Guo, C.; Mujumdar, A.S.; Zhang, M. New Development in Radio Frequency Heating for Fresh Food Processing: A Review. Food Eng. Rev. 2019, 11, 29–43. [Google Scholar] [CrossRef]

	



Yao, Y.; Sun, Y.; Cui, B.; Fu, H.; Chen, X.; Wang, Y. Radio frequency energy inactivates peroxidase in stem lettuce at different heating rates and associate changes in physiochemical properties and cell morphology. Food Chem. 2021, 342, 128360. [Google Scholar] [CrossRef] [PubMed]

	



Fiore, A.; Di Monaco, R.; Cavella, S.; Visconti, A.; Karneili, O.; Bernhardt, S.; Fogliano, V. Chemical profile and sensory properties of different foods cooked by a new radiofrequency oven. Food Chem. 2013, 139, 515–520. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Hu, C.; Sun, Y.; Zhang, X.; Wang, Y.; Fu, H.; Chen, X.; Wang, Y. Blanching effects of radio frequency heating on enzyme inactivation, physiochemical properties of green peas (Pisum sativum L.) and the underlying mechanism in relation to cellular microstructure. Food Chem. 2021, 345, 128756. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Yu, X.; Zhu, F.; Liu, G.; Chu, L.; Yan, X.; Ma, Y.; He, F.; Li, G.; Zhang, Y.; et al. Effects of Different Winemaking Yeasts on the Composition of Aroma-Active Compounds and Flavor of the Fermented Jujube Wine. Processes 2021, 9, 970. [Google Scholar] [CrossRef]

	



Downie, B.; Dirk, L.M.A.; Hadfield, K.A.; Wilkins, T.A.; Bennett, A.B.; Bradford, K.J. A Gel Diffusion Assay for Quantification of Pectin Methylesterase Activity. Anal. Biochem. 1998, 264, 149–157. [Google Scholar] [CrossRef]

	



Liu, W.; Liu, J.; Liu, C.; Zhong, Y.; Liu, W.; Wan, J. Activation and conformational changes of mushroom polyphenoloxidase by high pressure microfluidization treatment. Innov. Food Sci. Emerg. Technol. 2009, 10, 142–147. [Google Scholar] [CrossRef]

	



Liao, X.; Zhang, Y.; Bei, J.; Hu, X.; Wu, J. Alterations of molecular properties of lipoxygenase induced by dense phase carbon dioxide. Innov. Food Sci. Emerg. Technol. 2009, 10, 47–53. [Google Scholar] [CrossRef]

	



Qin, Y.; Shin, J.-A.; Lee, K.-T. Determination of acetaldehyde, methanol and fusel oils in distilled liquors and sakès by headspace gas chromatography. Food Sci. Biotechnol. 2020, 29, 331–337. [Google Scholar] [CrossRef]

	



Jiao, Y.; Tang, J.; Wang, S.; Koral, T. Influence of dielectric properties on the heating rate in free-running oscillator radio frequency systems. J. Food Eng. 2014, 120, 197–203. [Google Scholar] [CrossRef]

	



Zhang, Z.; Wang, J.; Zhang, X.; Shi, Q.; Xin, L.; Fu, H.; Wang, Y. Effects of radio frequency assisted blanching on polyphenol oxidase, weight loss, texture, color and microstructure of potato. Food Chem. 2018, 248, 173–182. [Google Scholar] [CrossRef]

	



Moens, L.G.; De Laet, E.; Van Ceunebroeck, J.-C.; Van Loey, A.M.; Hendrickx, M.E.G. Thermal inactivation of pectin methylesterase from different potato cultivars (Solanum tuberosum L.). LWT 2021, 138, 110600. [Google Scholar] [CrossRef]

	



Siguemoto, É.S.; Pereira, L.J.; Gut, J.A.W. Inactivation kinetics of pectin methylesterase, polyphenol oxidase, and peroxidase in cloudy apple juice under microwave and conventional heating to evaluate non-thermal microwave effects. Food Biopro. Technol. 2018, 11, 1359–1369. [Google Scholar] [CrossRef]

	



Wilińska, A.; de Figueiredo Rodrigues, A.S.; Bryjak, J.; Polakovič, M. Thermal inactivation of exogenous pectin methylesterase in apple and cloudberry juices. J. Food Eng. 2008, 85, 459–465. [Google Scholar] [CrossRef]

	



Yeom, H.W.; Streaker, C.B.; Zhang, Q.H.; Min, D.B. Effects of Pulsed Electric Fields on the Activities of Microorganisms and Pectin Methyl Esterase in Orange Juice. J. Food Sci. 2000, 65, 1359–1363. [Google Scholar] [CrossRef]

	



Damodaran, S. In situ measurement of conformational changes in proteins at liquid interfaces by circular dichroism spectroscopy. Anal. Bioanal. Chem. 2003, 376, 182–188. [Google Scholar] [CrossRef]

	



Jenkins, J.; Pickersgill, R. The architecture of parallel β-helices and related folds. Prog. Biophys. Mol. Biol. 2001, 77, 111–175. [Google Scholar] [CrossRef]

	



Guo, C.; Zhang, Z.; Chen, J.; Fu, H.; Subbiah, J.; Chen, X.; Wang, Y. Effects of radio frequency heating treatment on structure changes of soy protein isolate for protein modification. Food Bioprocess Technol. 2017, 10, 1574–1583. [Google Scholar] [CrossRef]

	



Ling, B.; Ouyang, S.; Wang, S. Effect of radio frequency treatment on functional, structural and thermal behaviors of protein isolates in rice bran. Food Chem. 2019, 289, 537–544. [Google Scholar] [CrossRef]

	



Kangur, L.; Timpmann, K.; Zeller, D.; Masson, P.; Peters, J.; Freiberg, A. Structural stability of human butyrylcholinesterase under high hydrostatic pressure. Biochim. Biophys. Acta 2019, 1867, 107–113. [Google Scholar] [CrossRef]

	



Botelho, G.; Anjos, O.; Estevinho, L.M.; Caldeira, I. Methanol in Grape Derived, Fruit and Honey Spirits: A Critical Review on Source, Quality Control, and Legal Limits. Processes 2020, 8, 1609. [Google Scholar] [CrossRef]

	



Frenkel, C.; Peters, J.S.; Tieman, D.M.; Tiznado, M.E.; Handa, A.K. Pectin Methylesterase Regulates Methanol and Ethanol Accumulation in Ripening Tomato (Lycopersicon esculentum) Fruit. J. Biol. Chem. 1998, 273, 4293–4295. [Google Scholar] [CrossRef] [PubMed]








[image: Fermentation 08 00265 g001 550] 





Figure 1. Temperature–time curve of RF heating of PME solution with three different electrode gaps. 
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Figure 2. Comparison of effects on PME activity between RF heating and water heating. The electrode gap of the RF system was set as 90 nm. The temperature of the water bath was 90 °C. 
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Figure 3. Spectroscopy curves of the PME solution after RF heating treatment. (a) Curve of CD spectroscopy and (b) curve of fluorescence spectroscopy. The electrode gap of the RF system was set as 90 nm. RF heating time was 0 s, 20 s, 40 s, 60 s, 80 s, 100 s, 120 s, and 140 s. 
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Figure 4. Comparison of methanol contents of the fermentation broth of red jujubes with and without RF heating treatment. 
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Table 1. Composition of the secondary structures of PME (%).
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	Time (s)
	α-Helix
	β-Sheet
	β-Turn
	Random Coil





	0
	32.2 ± 0.3
	20.2 ± 0.1
	20.9 ± 0.1
	29.9 ± 0.5



	20
	32.4 ± 0.2
	20.3 ± 0.4
	21.0 ± 0.5
	29.9 ± 0.1



	40
	33.6 ± 0.5
	20.3 ± 0.2
	20.7 ± 0.2
	30.2 ± 0.2



	60
	33.1 ± 0.1
	19.9 ± 0.4
	20.3 ± 0.6
	29.2 ± 0.5



	80
	31.3 ± 0.2
	18.9 ± 0.1
	19.3 ± 0.1
	27.6 ± 0.2



	100
	32.5 ± 0.4
	18.2 ± 0.6
	19.5 ± 0.2
	32.4 ± 0.1



	120
	33.1 ± 0.6
	17.9 ± 0.5
	18.5 ± 0.3
	25.5 ± 0.2



	140
	32.4 ± 0.1
	13.8 ± 0.2
	17.6 ± 0.1
	38.5 ± 0.5
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